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EXECUTIVE SUMMARY  
 
 
1.  The Norfolk District of the US Army Corps of Engineers and the City of Virginia Beach 
are working together on a cost-shared basis to identify and assess potential water quality 
problems in Mill Dam Creek, a small tributary entering the Broad Bay branch of the 
Lynnhaven River from the south.  In May 2008, these agencies contracted with the Virginia 
Institute of Marine Science (VIMS) for field monitoring surveys of Mill Dam Creek and 
adjacent Dey Cove and the development of high-resolution hydrodynamic and water quality 
models for the Mill Dam Creek – Dey Cove (MDC-DC) system capable of assessing the 
impact of nutrient and fecal coliform reductions from its watershed. 
 
2.  VIMS performed field surveys in summer 2008 spanning the Mill Dam Creek and Dey 
Cove regions.   High-frequency measurements of depth (surface elevation),  salinity, water 
temperature, dissolved oxygen, chlorophyll-a, and turbidity were made at 4 locations in this 
region for periods of approximately two weeks each in June, July, and August of 2008.  Grab 
sample surveys were conducted at over 20 locations spanning this region on June 16, July 16, 
and August 18, 2008.  These grab samples were each analyzed for water temperature, 
salinity, pH, dissolved oxygen, dissolved oxygen percent saturation, phosphate (PO4), 
dissolved organic phosphate (DOP), total dissolved phosphate (TDP), ammonium (NH4), 
nitrite (NO2), nitrate (NO3), nitrate-nitrite (NO23), dissolved inorganic nitrogen (DIN), 
dissolved organic nitrogen (DON), the ratio of DIN:DIP, chlorophyll-a, pheo, fecal coliform, 
and E. Coli.  Lastly, two 30-day, high-frequency tide gauge deployments were conducted at 
locations in upper Mill Dam Creek and upper Dey Cove in the latter part of 2008.  All these 
data were added to the VIMS Lynnhaven River database. 
 
3.  In the Upper Mill Dam Creek, the salinity is susceptible to sharp decreases resulting from 
rainfall events.  Some of these events do not necessarily need large amounts of rainfall in 
order to cause a large change in salinity.  For water temperature in the summer, there is a 
general spatial gradient of temperature increase by approximately 5 oC moving upstream 
from Broad Bay (MDC mouth) to Upper Mill Dam Creek.  For dissolved oxygen (DO), we 
observed very large diurnal oscillations of DO concentration for all stations in Mill Dam 
Creek and Dey Cove.  Superimposed on the diurnal DO oscillation, there were 
anoxic/hypoxic events that lasted for 2-3 days during which time the DO oscillation 
disappears.  The timing of the low DO events was coincident with the sharp decreases in 
salinity and chlorophyll-a concentration.  For chlorophyll-a, we have found that the oxygen 
and the phytoplankton dynamics are closely coupled in this shallow ecosystem.  Due to this 
coupling, DO and chlorophyll-a co-oscillate on the daily time scale.  Reductions of DO 
levels, as well as the disappearance of the diurnal oscillation, can occur when the 
phytoplankton population suddenly plunges, due to flushing by the increased freshwater 
runoff and limited ambient light conditions, during rainy days in the summer.  The large 
amount of pollutants discharged into the creeks by surface runoff may contribute to an 
additional decrease in DO levels, and result in hypoxic/anoxic conditions. 
 
4.  VIMS has completed a successful development of an integrated numerical modeling 
framework for the MDC-DC system.  This framework combines a high-resolution 3D 
hydrodynamic model (UNTRIM) that provides the required transport for a water quality 
model (CE-QUAL-ICM) that, in turn, provides intra-tidal predictions of 23 water quality 
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state variables.  The hydrodynamic model underwent a preliminary calibration with an 
extensive calibration for surface elevation and the water quality model was calibrated for 
dissolved oxygen and chlorophyll-a.  Additionally, fecal coliform was modeled throughout 
the Mill Dam Creek and Dey Cove tributaries and simulations were performed to investigate 
the reported plume of fecal coliform that extends from MDC-DC system into Broad Bay 
during a total of 12 high discharge periods in 2008. 
 
5.  The significance of a rainfall event in these small tributaries is well-illustrated by the July 
2008 dataset and prediction-observation comparison.  On July 23, 2008 (Julian Day 205) a 
one-inch rainfall occurred.  With less solar radiation due to cloudy conditions and flushing by 
freshwater discharge, the chlorophyll levels dropped.  The moving average of observed 
chlorophyll-a drops slightly in Lower Mill Dam Creek and Dey Cove, but more notably in 
Upper Mill Dam Creek.  A model sensitivity run was performed reducing non-point source 
nutrient loading by 50%.  Over most of the system, chlorophyll-a levels are reduced by 
approximately 5 μg/l.  However, at the Upper Mill Dam Creek Station, the decrease is more 
pronounced – chlorophyll-a levels are reduced from 30-40 μg/l to 10-20 μg/l.  Dissolved 
oxygen comparisons were made between the present model prediction and the 50% loading 
reduction sensitivity run.  The DO values appear to be improved by approximately 1 mg/l at 
the Broad Bay (MDC mouth) Station and at the Dey Cove Station.  At the Lower Mill Dam 
Creek Station, dissolved oxygen levels change only slightly.  However, at the Upper Mill 
Dam Creek Station, the DO levels that had severely plunged to a moving average value of 0 
mg/l during the rainfall event are now kept above approximately 2.5 mg/l during this critical 
period. 
 
6. For the fecal coliform modeling, , it was recognized that the fecal coliform plume occurs 
when there is large freshwater discharge into the MDC-DC basin and its associated high fecal 
coliform concentration. The two factors are essential and mutually reinforce one another.  
When the model was run continuously through the entire 2008 year, a river plume associated 
with high fecal coliform concentration manifested itself with reasonable orientation and size 
on each of the major rainfall events.  The magnitude of fecal coliform prediction, on the 
order of 250 –500 MPN/100ml, compared well qualitatively with observed spatial 
distribution.   This demonstrates that MDC and DC are hot spots that can contribute 
significant amounts of fecal coliform loading into the larger basin in Broad Bay.  From a 
restoration perspective, the water quality condition in MDC and DC are the weak link in a 
chain – although they are small, they are vital to the overall well-being of the entire system 
and thus require special management attention.   Using the current fecal coliform 
concentrations in MDC and DC as the base condition, a model sensitivity run with a 50% 
reduction scenario was conducted.  The results show that that the penetration of high fecal 
coliform concentration plume into Broad Bay was significantly reduced.  The model can be a 
powerful tool for assessing multiple load reductions. 
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CHAPTER I.  INTRODUCTION 
The Lynnhaven River includes the Eastern Branch, Western Branch, Long Creek, Broad 
Bay, Crystal Lake, Linkhorn Bay and all of the tributaries. A great deal of effort has been 
extended by the City of Virginia Beach and the US Army Corps of Engineers (Norfolk 
District) towards restoring and protecting the Lynnhaven River.  
Mill Dam Creek and Dey Cove (MDC-DC) are two small tributaries located along the 
southern shoreline of the Broad Bay Branch of the Lynnhaven River in Virginia Beach.  
These tributaries have lengths of approximately 2.0 km and 0.8 km, respectively, and 
widths of approximately 0.2 km each at their widest points near their confluence where 
they enter Broad Bay, as shown in Figure I.1.  
 
The Mill Dam Creek and Dey Cove system is a shallow water region (SWR) that serves 
as a buffer zone between aquatic and terrestrial landscapes.  It has been shown that 
nonpoint sources of nutrient inputs, including groundwater and surface water runoff, that 
pass through the SWR contribute significantly to the overall eutrophication problem. 
Human activities in watersheds have caused major changes in water quality, resulting in 
increased loading of nutrients, organic matter, and sediment to the SWR (Fleischer, 1987; 
Frink, 1991; Hopkinson and Vallino, 1995).  Industrial activities and agriculture generate 
a mixture of chemicals, including nutrients, some of which are inevitably discharged into 
aquatic ecosystems. As a result, the SWR, such as coastal lagoons and embayments, has 
received large inputs of nutrients from watersheds due to anthropogenic activities for 
many years.  Therefore, the SWR is a highly productive environment. Nutrient loading 
usually arises from sources including: fertilizer runoff, groundwater, sewage discharges, 
and aquaculture (Balls, 1994).  Accordingly, there are increasing interests and demands 
for further understanding of eutrophication processes in the SWR.  
 
The sediments in Mill Dam Creek and Dey Cove were investigated by Kuehl (2008) in 
his sedimentation study of selected sites throughout the Lynnhaven.  Four core samples 
from this area (two from Mill Dam Creek and two from Dey Cove) were collected for 
analysis.  Some of these cores were noted to have a dark grey fine mud down to 
approximately 20-30 cm.  It was determined that the accumulated sedimentation rates in 
Dey Cove averaged 0.77 cm/year, the highest from all Lynnhaven River sites.   
 
The estuarine Benthic Index of Biotic Integrity (B-IBI) has proven to be an extremely 
useful metric for characterizing the environmental stresses associated with the habitat 
conditions in coastal basins (Weisberg et al., 1997).  The BST (bacterial source tracking) 
analysis is a new technology used to characterize sources of fecal coliform (HRPDC, 
2006).  For Mill Dam Creek, a recent B-IBI assessment by Dan Dauer of Old Dominion 
University indicated very poor water quality conditions and researchers from UNC and 
Virginia Tech proposed to conduct BST analysis in the area.  However, the cause of the 
problem has not yet been identified.  Given the low index for B-IBI measured in Mill 
Dam Creek, and the reporting of a plume of high fecal coliform concentrations just 
outside of the Mill Dam Creek and Dey Cove tributaries (URS, 2006), an intensive water 
quality study was deemed as warranted. 
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Several measurements of fecal coliform have been conducted in MDC-DC since early 
2007 as part of a source tracking operation to assess Broad Bay bacterial loading impact.  
In Upper Mill Dam Creek, measured values of fecal coliform ranged to as high as 2600 
MPN/100 ml during periods of summer, well above acceptable standards.   
 
The agencies in charge of the present development efforts are the Norfolk District, U.S. 
Army Corps of Engineers (ACE), representing the Federal Government, and the City of 
Virginia Beach, acting as the Local Sponsor.  These agencies signed a feasibility cost-
sharing agreement and embarked on determining suitable and acceptable means for 
designing and implementing the environmental restoration of the Lynnhaven.  During 
discussions with personnel from VIMS and URS Corporation of Virginia Beach, it was 
resolved that a fully comprehensive system, including spatially high-resolution numerical 
modeling and watershed loading estimation, was required in order to address the issues 
cited in the reconnaissance report and to provide the management option of a control 
strategy of attaining the required endpoints for environmental restoration. 
 
In April 2008, the ACE (Norfolk District) and the City of Virginia Beach contracted with 
VIMS for the development of hydrodynamic and water quality models for the MDC-DC 
system receiving waters and with URS Corporation for an adapted version of its HSPF 
(Hydrological Simulation Program – FORTRAN) watershed model to provide both 
freshwater flows and nutrient and sediment loadings from the Lynnhaven River 
Watershed for this region.    
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  Figure I.1. Location of Mill Dam Creek and Dey Cove, two small tributaries along the southern shoreline of the  
         Broad Bay branch of the Lynnhaven River.
 
 
 
4
CHAPTER II.  FIELD OBSERVATION DATA 
 
We start with the chapter with field observation because measured data provide an 
indicator as to the current condition of the system and can be used for model calibration 
and verification.  Prior to the present study, very few field observations were available in 
either Mill Dam Creek or Dey Cove.  It is important to acquire both hydrodynamic and 
water quality measurements not only to help identify the problem(s) in this system, but 
also to confirm the performance of both hydrodynamic and water quality models by 
comparing model predictions with these observations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure II.1.  Locations for high-frequency measurements and grab sampling 
 surveys conducted by VIMS in summer 2008. 
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In June, July, and August of 2008, VIMS monitored the Mill Dam Creek and Dey Cove 
region with 3 deployments of synoptic high-frequency measurements at 4 locations as  
well as 3 grab sampling surveys with approximately 20 samples in each.  Measurement 
locations for both of these are shown in Figure II.1. 
 
 
II.1. High-frequency observations at fixed stations 
 
Figure II.1 displays the 4 locations (i.e., yellow arrow symbols) at which YSI model 6600 
instruments were deployed synoptically.  These locations are hereafter referred to as 
Broad Bay (MDC mouth), Lower Mill Dam Creek, Upper Mill Dam Creek, and Dey 
Cove.   A summary of the high-frequency observation data collected in summer 2008 is 
shown below in Table II.1.  Precipitation data during this study period is provided in 
Appendix B.  
 
Table II.1.  Continuous YSI stations monitored by VIMS (summer 2008) 
 
Location Deployment 
No. 
Start date 
(time) 
End date 
(time) 
No. of Obs. 
Broad Bay 1 06/16/08 (1330) 06/30/08 (1515) 1352 
Lower Mill 
Dam Creek 
1 06/16/08 (1300) 06/30/08 (1600) 1357 
Dey Cove 1 06/16/08 (1200) 06/30/08 (1545) 1360 
Upper Mill 
Dam Creek 
1 06/16/08 (1300) 06/30/08 (1615) 1358 
 
Broad Bay 
(surface) 
2 07/16/08 (1300) 08/01/08 (1145) 1532 
Broad Bay 
(bottom) 
2 07/16/08 (1300) 08/01/08 (1145) 1532 
Lower Mill 
Dam Creek 
2 07/16/08 (1415) 08/01/08 (1115) 1525 
Dey Cove 2 07/16/08 (1315) 08/01/08 (1030) 1526 
Upper Mill 
Dam Creek 
2 07/16/08 (1415) 08/01/08 (1115) 1525 
 
Broad Bay 
(surface) 
3 08/18/08 (1045) 09/02/08 (1145) 1445 
Broad Bay 
(bottom) 
3 08/18/08 (1045) 09/02/08 (1145) 1445 
Lower Mill 
Dam Creek 
3 08/18/08 (1015) 09/02/08 (1100) 1444 
Dey Cove 3 08/18/08 (0830) 09/02/08 (1030) 1449 
Upper Mill 
Dam Creek 
3 08/18/08 (0945) 09/02/08 (1115) 1447 
 
 
 
6
The parameters measured include surface elevation (derived from instrument depth), 
salinity, temperature, dissolved oxygen, chlorophyll-a, and turbidity.  The measurement 
interval was every 15 minutes.    It is noted that, for Broad Bay, instruments were placed 
at both surface and bottom for Deployments 2 and 3.   
 
 
II.1.1. High-frequency hydrodynamic parameter measurements at fixed stations 
 
The YSI data included the hydrodynamic parameters of surface elevation, salinity, and 
temperature.  Synoptic time series of these parameters at the 4 YSI stations are shown for 
each of the June, July, and August 2008 deployments.  
 
Surface elevation 
 
Figures II.2, II.3, and II.4 show time series of surface elevation at all 4 stations for the 
deployments in June, July, and August, respectively.  These surface elevations (relative to 
local mean levels) were derived from the depth values recorded by the YSI instruments 
mounted with taut moorings.  From inspection of the figures, it can be seen that the 
system exhibits a standing wave characteristic, with a tidal range of approximately 0.5 
meters and almost no phase lag throughout the system.  The results of harmonic analyses 
of these surface elevations, shown in Table II.2, confirm this characteristic. 
 
Also shown in Figures II.2 through II.4 are the 24-hour moving averages for obtaining 
the non-tidal surface elevation.  It can be seen that the trends are quite similar at all four 
locations over any given period. 
 
These surface elevation data, as well as those from two 30-day tide gauge deployments 
shown in Figures II.50 and II.51, are compared to high-frequency model predictions of  
surface elevations in Chapter IV, Section IV-1-3, calibration for tidal elevation. 
 
 
 
Table II.2. Amplitudes (cm) of Major Tidal Constituents extracted from YSI Depth Time 
Series, Summer 2008 
 
 Jun. 2008 deployments Jul. 2008 deployments Aug. 2008 deployments 
  
BB 
Lower 
MDC 
 
Upper 
MDC 
 
DC 
 
BB
Lower
MDC 
Upper 
MDC 
 
DC
 
BB
Lower 
MDC 
Upper 
MDC 
 
DC
M2 25 25 24 24 23 24 24 24 21 21 21 21 
N2 3.5 3.5 3.6 3.6 4.5 4.5 4.5 4.5 5.1 5.1 5.0 5.1 
S2 4.9 4.9 4.8 5.0 4.4 4.3 4.3 4.3 6.5 6.4 6.5 6.7 
K1 5.9 5.9 5.7 5.9 4.8 4.7 4.6 4.8 4.7 4.7 4.5 4.5 
O1 5.6 5.7 5.5 5.5 5.0 5.1 5.1 5.1 5.6 5.7 5.8 6.0 
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     Figure II.2.  Surface elevations (derived from YSI instrument depths) – June 2008.  
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Broad Bay (MDC mouth) Surface Elevation (July 2008)
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     Figure II.3.  Surface elevations (derived from YSI instrument depths) – July 2008.  
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Broad Bay (MDC mouth) Surface Elevation (August 2008)
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     Figure II.4.  Surface elevations (derived from YSI instrument depths) – August 2008.  
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MDC/DC Salinity (Jun. 2008)
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Figures II.5, II.6, and II.7 show time series of salinity at all 4 stations for the 3 
deployments.  These figures show that all 4 locations have similar salinities under dry 
conditions.  A slight seasonal trend in salinity is noted as well, with the overall averages 
of salinities being approximately 20 ppt, 22 ppt, and 23 ppt through the June, July, and 
August deployments, respectively. In the Upper Mill Dam Creek, the salinity is 
susceptible to sharp decreases resulting from rainfall event (e.g., Figure II.6 shows that 
on July 23 the salinity plunged from 20 ppt to 1 ppt, caused by an approximate 1.3-inch 
rainfall).  Some of these rainfall events do not necessarily need large amounts of rainfall 
in order to cause a large change in salinity.  Salinity depressions can clearly be identified 
on 6/17 (6/16-17/2008 rainfall: 0.59 in.), 6/25 (6/24-25/2008 rainfall: 0.02 in.), 7/16 
(7/14-16/2008 rainfall: 0.58 in.). 7/23 (7/23-24/2008 rainfall: 1.78 in.), and 7/31 (7/29-
31/2008 rainfall: 0.75 in.). There are two plausible explanations for this phenomenon: 
 
(1)  The aquifer in Mill Dam Creek is relatively shallow and therefore, during rainfall 
events, most of the rain water aggregates in the form of surface runoff and directly 
discharges into the Creek 
(2)  The surface slope of the Mill Dam Creek watershed is relatively steep, which causes 
the watershed basin to respond rather rapidly to the incoming rainfall without any 
retention capability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.5.  Salinity observations – June 2008. 
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MDC/DC Salinity (Jul. 2008)
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 Figure II.6.  Salinity observations – July 2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Figure II.7.  Salinity observations – August 2008. 
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Water Temperature 
 
Figures II.8, II.9, and II.10 show time series of water temperature at all 4 stations for the 
3 deployments.  These figures show a general spatial gradient of temperature increase by 
approximately 5 oC moving upstream from Broad Bay (MDC mouth) to Upper Mill Dam 
Creek.   This is presumably due to the shallower and narrower channel in the upstream 
part of the Creek that holds less volume of water and thus is more susceptible to the 
change of air temperature in the summer.  The temperatures do show a daily oscillation 
with higher temperature during daytime and lower temperature during the night with 
differences on the order of 1-2 degrees Celsius.    
 
For the 3 months in 2008, July has the highest water temperature reaching beyond 32 oC 
while, during June and August, the temperature are below 30 oC.  Fluctuations of 
temperature due to rainfall and associated runoff can occur in Upper Mill Dam Creek as 
well, as can be seen by the 8 oC drop in temperature due to a 1-inch rainfall on July 23 
(Figure II.9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.8.  Water temperature observations – June 2008. 
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 Figure II.9.  Water temperature observations – July 2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Figure II.10.  Water temperature observations – August 2008. 
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MDC/DC Dissolved Oxygen (Jun. 2008)
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Figures II.11, II.12, and II.13 show time series of dissolved oxygen at all 4 stations for 
the 3 deployments.  At all 4 stations, the DO values have a clear diurnal oscillation with 
the largest variation occurring at the head of MDC.  Its recorded day and night variation 
can range from 2 mg/L at night to 12 mg/L during daytime, as shown for the time series 
in 6/21 and 7/16.  The average range is 6-8 mg/L for the station at MDC (head), 4-6 mg/L 
for the station at Broad Bay, and 3-5 mg/L for stations Dey Cove and MDC (mouth).     
 
With high-frequency measurements conducted for the project, it is revealed that hypoxia 
and anoxic conditions do occur at all stations in the summer particularly at night. At the 
station at MDC (head), measurements showed the worst DO conditions among the 4 
stations with 12 major hypoxic/anoxic occurrences:  6/18, 6/24- 6/25, 6/27- 6/30, 7/17, 
7/24 – 7/26, 7/30-7/31, and 8/27 – 8/28.  Among these 12 occurrences, 5 events were 
prolonged, lasting more than one day.  Our observations indicated that the prolonged low 
dissolved oxygen conditions (hypoxic and anoxic) coincided with the meteorological 
conditions of cloudiness or rainy days when the chlorophyll-a levels were suddenly 
reduced.      
 
In summary, we observed very large diurnal oscillations of DO concentration for all 
stations in Mill Dam Creek and Dey Cove.  Superimposed on the diurnal DO oscillation, 
there were anoxic/hypoxic events that lasted for 2-3 days, during which time the DO 
oscillation disappeared and the timing was coincident with the phytoplankton suddenly 
undergoing die-off and being flushed out of the system.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure II.11.  Dissolved oxygen observations – June 2008. 
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 Figure II.12.  Dissolved oxygen observations – July 2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
  
 Figure II.13 Dissolved oxygen observations – August 2008. 
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Chlorophyll-a 
 
Figures II.14, II.15, and II.16 show time series of chlorophyll-a at all 4 stations for the 3 
deployments.  The chlorophyll-a shows a diurnal oscillation representing photosynthesis 
during daytime and respiration at night.  Among the 4 stations, MDC (head) has the 
highest chlorophyll-a concentration with levels up to 75 µg/L during the months of June 
and July, 2008.  The chlorophyll–a levels at stations MDC (mouth) and Dey Cove were 
lower with averaged values around 25 µg/L.  The surface chlorophyll-a measurements 
conducted in June in the Broad Bay were questionable; however, the bottom 
measurements made in July and August were reliable and show an average concentration 
of about 20 µg/L.   It was observed that DO and chlorophyll concentrations are closely 
related, as phytoplankton plays a significant role in regulating DO in this system.  First of 
all, the reason DO is high when chlorophyll-a is high is because a significant portion of 
DO is generated by phytoplankton during the photosynthesis process.  Conversely, when 
phytoplankton conducts respiration during the nighttime, DO concentration becomes low. 
Because of this relationship, the higher the concentration of chlorophyll-a, the more 
likely it will cause a large diurnal oxygen oscillation.  This is consistent with the range of 
variations of DO and chlorophyll-a at 4 different stations in Mill Dam Creek.  During 
cloudy days or actual rain events, chlorophyll-a will be reduced due to insufficient light 
to support a large phytoplankton population; as a consequence, DO concentrations drop 
simultaneously. The sudden die-off of phytoplankton contributes additional organic 
matter to the water column and sediment where oxygen will be further consumed by 
bacteria for oxidizing them.  That is the cause of prolonged (e.g., 2-3 days) anoxic 
conditions in addition to the normal diurnal oscillation.               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure II.14.  Chlorophyll-a observations – June 2008. 
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 Figure II.15. Chlorophyll-a observations – July 2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Figure II.16. Chlorophyll-a observations – August 2008. 
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In summary, we have found that the oxygen and the phytoplankton dynamics are closely 
coupled in this shallow ecosystem.  Due to this coupling, DO and chlorophyll-a co-
oscillate on the daily time scale.  Additional reductions of DO can occur and lead to 
hypoxia and anoxia when the phytoplankton population suddenly plunges, due to limited 
ambient light conditions, as happens during cloudy and rainy days in the summer.     
 
  
Turbidity 
 
Figures II.17, II.18, and II.19 show time series of turbidity at all 4 stations for the 3 
deployments.  Observed turbidity values in MDC are in general below 25 NTU and are 
somewhat constrained.  There are some surface measurements in Broad Bay showing 
extremely high values that are problematic, as was described in the chlorophyll 
measurement.  In Dey Cove, elevated turbidities were measured from July 22- July 31, 
which could be the result of elevated chlorophyll-a.  The exact nature was not known.   
 
Overall, water clarity is very important for the restoration of the benthic community.  The 
more light that can become available to the bottom, the more the benthos can generate an 
ecological benefit to the ecosystem.   Based on the measurement, the turbidity can be 
further reduced; in particular, the chlorophyll concentration in the upstream part of the 
Creek.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure II.17.  Turbidity observations – June 2008. 
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MDC/DC Turbidity (Aug. 2008)
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 Figure II.18.  Turbidity observations – July 2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Figure II.19. Turbidity observations – August 2008. 
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II.2. Spatial plots of grab sample surveys 
 
In addition to high-frequency measurements at fixed locations, three grab sample surveys 
were conducted throughout the Mill Dam Creek and Dey Cove during the summer of 
2008.  Figure II.1 shows the grab sample locations and completed grabs are also listed in 
Table II.3.  The grab samples were taken at a depth of 0.25 m below the surface and 
during day-time hours.  For each grab sample, the following parameters were measured: 
water temperature, salinity, pH, percent saturation dissolved oxygen, DO (mg/L), PO4 
(mg/L as P), DOP (mg/L as P), TDP (mg/L as P), NH4 (mg/L as N), NO2 (mg/L as N), 
NO3 (mg/L as N), NO23 (mg/L as N), DIN (mg/L as N), DON (mg/L as N), TDN (mg/L 
as N), DIN:DIP ratio, chlorophyll-a (µg/L), pheo (µg/L), fecal coliform (MPN/100 ml, 
and E. coli (MPN/100 ml). 
 
Table II.3. Locations of grab samples taken in Mill Dam Creek and Dey Cove, summer 
2008. 
 
 
Station 
 
Location 
 
Latitude 
 
Longitude 
June 16 
13:38-
15:16 
July 16 
14:45-
15:21 
August 18 
08:08-
10:47 
1 Dey-Mill 
Entrance 
36.89382 76.04070 x x x 
2 Dey Cove 36.89297 76.04255 x x x 
3 Dey Cove 36.89145 76.04292 x x x 
4 Dey Cove 36.89170 76.04217 x x x 
5 Dey Cove 36.89122 76.04343 x x x 
6 Dey Cove 
buoy 
36.89062 76.04298 x x x 
7 Dey Cove 36.89002 76.04263 x x x 
8 Dey Cove 36.88993 76.04243 x  x 
9 Mill Dam 36.89267 76.03932 x x x 
10 Mill Dam 36.88965 76.03963 x x x 
11 Mill Dam 36.88987 76.03920 x x x 
12 Mill Dam 36.88992 76.03852 x x x 
13 Mill Dam 36.88785 76.03822 x x x 
14 Mill Dam 36.88787 76.03672 x x x 
15 Mill Dam 36.88552 76.03782 x x x 
16 Mill Dam 36.88585 76.03632 x x x 
17 Mill Dam 36.88397 76.03727 x x x 
18 Mill Dam 36.89178 76.01797 x x x 
19 Mill Dam 36.89178 76.01797 x x x 
20 Mill Dam 36.88010 76.03468   x 
21 Broad Bay 36.89585 76.03978 x x x 
22 Broad Bay 36.89872 76.03685 x x x 
 
 
 
 
21
At each grab sampling point, vertical profiles of water temperature, salinity, pH, percent 
saturation dissolved oxygen and DO concentration were measured in the field with a YSI 
600 XL instrument.  Sample depth intervals started at 10 cm below the surface, and then 
at 25-cm intervals from the surface until the bottom was reached. 
 
Nutrient samples were collected in acid washed, deionized rinsed nalgene bottles and 
stored on ice (4 °C) until return to the CBNERR laboratory.  Upon return to the 
laboratory, samples were immediately filtered with 0.45 μm membrane filters.  Analysis 
of ammonium (NH4), Nitrite (NO2) and dissolved inorganic phosphorus (PO4) was 
conducted following sample filtration, whereas, samples for nitrate (NO3) and dissolved 
total nitrogen (TDN) and total phosphorus (TDP) were stored frozen and analyzed at a 
later date.  NH4 was determined by a phenol hypochlorite method (Solorzano 1969).  
Nitrite (NO2) was determined by diazotizing with sulfanilamide and coupling with N-(1-
naphthyl)-ethylenediamine to form an azo dye (U.S. EPA 1983; Method 354.1). Nitrate 
(NO3-) was determined after reduction to nitrite by use of Cu-Cd columns (U.S. EPA 
1983; Method 353.1).  TDP and TDN were determined using an alkaline potassium 
persulfate digestion method (modified from D’Elia et al. (1977)); following digestion, 
TDP and TDN samples were buffered and analyzed for NO23 and PO4, respectively.  
Method detection limits were 0.0015 mg/L as P for PO4, 0.003 mg/L as P for DOP and 
TDP, 0.0035 mg/L as N for NH4, 0.0002 mg/L as N for NO2, 0.0014 mg/L as N for NO3 
and NO23, and 0.0084 mg/L as N for TDN and DON. 
 
Chlorophyll samples were collected in deionized rinsed nalgene bottles and stored on ice 
until return to the laboratory.  Samples were then filtered with glass fiber filters, with 
filters being drawn dry, folded, sealed in an aluminum foil packet and stored at –20 °C 
until analysis; holding time was on the order of days. Chlorophyll analysis followed a 
DMSO/acetone extraction procedure and quantified using a turner fluorometer (Jeffrey et 
al. 1996).  For pheophytin measurements, samples were acidified and read again.  
Method detection limits were 0.5 μg/L for chlorophyll-a and pheopigments. 
 
Bacteriological samples were collected in sterile 100 ml bottles, stored at 4 °C until 
analysis which occurred within eight hours of collection.  Fecal coliform bacteria were 
enumerated by the Most Probable Number (MPN) procedure using A-1 medium (APHA 
1992; Method 9221 E). The standard 5 tube, three or four serial dilution MPN test was 
used and additional decimal dilutions were used on septic drainfield samples.  Because of 
the presence of ubiquitous fecal coliform positive organisms in aquatic environments, a 
confirmation test for Escherichia coli using a fluorogenic assay was run on all samples.   
 
Each grab sample was analyzed for a total of 20 parameters.  The results for the June 16, 
July 16, and August 18 surveys are shown, respectively, in Tables II.4a, II.4b, and II.4c. 
From these 20 parameters, 10 were selected for spatial plotting.  Spatial plots were 
constructed for all 3 surveys (June 16 – Figures II.20 to II.29, July 16 – Figures II.30 to 
II.39, and August 18 – Figures II.40 to II.49) and included 1) water temperature, 
2) salinity, 3) dissolved oxygen (mg/L), 4) chlorophyll-a (μg/L), 5) fecal coliform,  
6) dissolved organic nitrogen (DON) (mg/L as N), 7) ammonium (mg/L as N), 8) 
phosphate (mg/L as P), total dissolved phosphorus (mg/L as P), and 10) DIN:DIP ratio. 
 
 
 
22
For the grab sample survey of June 16, Figure II.20 shows water temperatures throughout 
the system with an approximate 2oC increase in moving from Broad Bay to Upper Mill 
Dam Creek.  Surface salinities shown in Figure II.21 for this survey are fairly 
homogenous for this region, ranging from 18.7 to 20.9 ppt, dropping by only 
approximately 1 ppt from Broad Bay to Upper Mill Dam Creek.  Dissolved oxygen 
values plotted in Figure II.22 range from 7 to 10 mg/L and show a small decrease in 
moving into Upper Mill Dam Creek.  Figure II.23 shows a large range of chlorophyll-a 
values (4 to 74 μg/L), but no clear spatial trend. Figure II.24 shows fecal coliform values 
ranging above 500 MPN/100 ml, generally increasing towards the heads of both 
tributaries.  Fecal coliform densities closely approximate E. coli densities for all three 
samplings, suggesting N limitation throughout MDC-DC and Broad Bay.  DON (Figure 
II.25) and NH4 (Figure II.26) concentrations varied from 0.276 to 0.467 mg/L as N and 
0.042 to 0.050 mg/L as N, respectively.  While there were no clearly defined spatial 
trends, several elevated DON concentrations were associated with creek headwater or 
canal stations.   DON also dominated the TDN pool for all sampling stations during all 
sampling periods.  PO4 and DOP concentrations varied from 0.004 to 0.026 mg/L as P 
and 0.014 to 0.071 mg/L as P, respectively.  As with DON, elevated levels of PO4 and 
DOP were associated with creek headwater or canal stations and the organic fraction 
dominated the total dissolved phosphorus pool.  DIN:DIP ratios (Figure II.29) varied 
from 1.8 to 11.5 suggesting nitrogen as the limiting nutrient for phytoplankton growth 
throughout the Broad Bay and MDC-DC sampling region. 
 
For the grab sample survey of July 16, Figure II.30 shows water temperatures throughout 
the system with an approximate 2oC increase in moving from Broad Bay to Upper Mill 
Dam Creek and Dey Cove.  Surface salinities shown in Figure II.31 for this survey, 
unlike the June survey, show a sharp gradient, dropping by approximately 15 ppt from 
Broad Bay to Upper Mill Dam Creek. Rainfall occurred on July 14 (0.39 in), July 15 
(0.03 in) and July 16 (0.16 in) prior to the sampling.  Near bottom salinities in the Upper 
Mill Dam Creek were on the order of 20 ppt.  Dissolved oxygen values plotted in Figure 
II.32 show super-saturated conditions and significant increase in moving upstream into 
both Dey Cove and Upper Mill Dam Creek.  Figure II.33 shows a large range of 
chlorophyll-a values (15 to 69 μg/L), with a general increase moving upstream, 
particularly in MDC.  Figure II.34 shows fecal coliform values ranging to 500 MPN/100 
ml  and a strong increasing gradient with distance upstream in Mill Dam Creek.  
Dissolved organic nitrogen (Figure II.35) and ammonium (Figure II.36) concentrations 
varied from 0.315 to 0.995 mg/L as N and 0.003 to 0.025 mg/L as N, respectively.  While 
NH4 did not exhibit clearly defined spatial trends, DON showed a strong increasing trend 
with distance upstream, particularly in MDC.  PO4 and DOP (Figures II.37 and II.38) 
concentrations varied from 0.006 to 0.045 mg/L as P and 0.002 to 0.186 mg/L as P, 
respectively.  As with DON, DOP exhibited a general increasing trend with distance 
upstream in the MDC-DC system.  DIN:DIP ratios (Figure II.39) varied from 0.7 to 6.1 
suggesting nitrogen limitation throughout the Broad Bay and MDC-DC sampling region. 
 
For the grab sample survey of August 18, Figure II.40 shows water temperatures 
throughout the system with an approximate 1 oC increase in moving from Broad Bay to 
upper MDC and decreasing an approximate 1 oC in upper DC.  Salinities shown in Figure 
 
 
 
23
II.41 for this survey, following a dry period, show only a slight drop of approximately 1-2 
ppt from Broad Bay to either upper DC or MDC.  It should be noted that the August 18 
sampling occurred near high tide conditions as compared to the June and July samplings 
which occurred during low tide conditions.  Dissolved oxygen values plotted in Figure 
II.42 show decreases in moving upstream into both DC and upper MDC.  Figure II.43 
shows a smaller range of chlorophyll-a values (10 to 40 μg/L), with highest values 
recorded mid-stream. Figure II.44 shows a strong, increasing gradient of fecal coliform 
with distance upstream ranging to 900 MPN/100 ml in DC and 500 MPN/100 ml in upper 
MDC.  DON (Figure II.45) and NH4 (Figure II.46) concentrations varied from 0.286 to 
0.495 mg/L as N and 0.004 to 0.024 mg/L as N, respectively.  While there were no 
strongly defined spatial trends, several elevated DON and NH4 concentrations were 
associated with MDC-DC creek headwater or canal stations.  PO4 and DOP 
concentrations varied from 0.007 to 0.021 mg/L as P and 0.008 to 0.033 mg/L as P, 
respectively.  A general increasing trend in PO4 and DOP concentrations with distance 
upstream was observed in DC but not MDC, however, elevated phosphorus levels were 
observed in some MDC canal headwaters.  DIN:DIP ratios (Figure II.49) varied from 0.3 
to 2.9 suggesting nitrogen limitation throughout the Broad Bay and MDC-DC region 
during this sampling. 
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Table II.4a.  VIMS grab sample data collected in Mill Dam Creek – Dey Cove on June 16, 2008 
  
 
MDC-
DC 
Station 
 
WT 
(oC) 
 
Sal 
(ppt) 
 
pH 
 
DO 
(mg/L) 
 
DO-
sat 
(%) 
 
PO4 
(mg/L 
as P) 
 
 
DOP 
(mg/L 
as P) 
 
 
TDP 
(mg/L 
as P) 
 
 
NH4 
(mg/L 
as N) 
 
 
NO2 
(mg/L 
as N) 
 
 
NO3 
(mg/L 
as N) 
 
 
NO23 
(mg/L 
as N) 
 
  
DIN 
(mg/L 
as N) 
 
 
DON 
(mg/L 
as N) 
 
 
TDN 
(mg/L 
as N) 
 
 
DIN: 
DIP 
 
Chla 
(μg/L) 
 
Pheo 
(ug/L) 
 
FC 
MPN/ 
100 ml 
 
E. coli 
MPN/ 
100 ml 
1 30.8 20.2 8.09 9.6 144.1 0.0108 0.0214 0.0322 0.0504 0.0003 0.0025 0.0028 0.0532 0.3446 0.3979 4.9 24.4 8.4 30 24 
2 30.6 20.3 7.99 8.8 131.2 0.0108 0.0173 0.0282 0.0476 0.0003 0.0007 0.0007 0.0483 0.3678 0.4161 4.5 23.1 6.7 300 300 
3 30.9 20.3 8.04 9.4 139.8 0.0040 0.0164 0.0204 0.0448 0.0003 0.0011 0.0014 0.0462 0.3040 0.3503 11.5 14.9 5.5 8 2 
4 31.9 20.3 7.93 8.3 126.9 0.0046 0.0133 0.0180 0.0434 0.0003 0.0011 0.0014 0.0448 0.2928 0.3376 9.7 8.9 4.0 30 30 
5 31.1 20.1 7.88 7.9 119.2 0.0074 0.0133 0.0207 0.0462 0.0003 0.0025 0.0028 0.0490 0.3124 0.3615 6.6 14.8 6.0 2 2 
6 31.8 20.1 7.92 8.6 130.1 0.0108 0.0282 0.0390 0.0448 0.0003 0.0007 0.0007 0.0455 0.3608 0.4063 4.2 26.3 10.5 50 50 
7 31.7 20.1 7.91 8.4 127.5 0.0180 0.0353 0.0533 0.0462 0.0003 0.0011 0.0014 0.0476 0.4329 0.4805 2.7 37.5 12.2 80 80 
8 31.9 19.9 7.84 7.8 127.3 0.0084 0.0167 0.0251 0.0476 0.0003 0.0007 0.0007 0.0483 0.3762 0.4245 5.8 12.1 7.0 500 500 
9 31.1 20.1 8.08 10.1 150.9 0.0093 0.0217 0.0310 0.0434 0.0003 0.0011 0.0014 0.0448 0.3194 0.3643 4.8 27.5 2.1 30 17 
10 31.5 20.1 7.97 9.1 138.6 0.0040 0.0152 0.0192 0.0448 0.0003 0.0011 0.0014 0.0462 0.3194 0.3657 11.5 10.1 2.8 30 17 
11 31.5 20.9 7.94 8.7 132.5 0.0074 0.0161 0.0235 0.0490 0.0003 0.0007 0.0007 0.0497 0.3145 0.3643 6.7 4.0 30.7 74 74 
12 31.7 19.7 7.96 9.4 143.0 0.0071 0.0118 0.0189 0.0448 0.0041 0.0007 0.0014 0.0462 0.3292 0.3755 6.5 11.3 6.6 80 50 
13 31.8 19.6 7.89 9.1 137.6 0.0127 0.0322 0.0449 0.0448 0.0003 0.0011 0.0014 0.0462 0.3517 0.3979 3.6 27.5 4.8 170 170 
14 30.5 20.0 8.12 10.4 158.1 0.0195 0.0517 0.0712 0.0434 0.0003 0.0007 0.0007 0.0441 0.4672 0.5114 2.3 73.7 BDL 23 23 
15 31.3 19.5 7.94 8.8 134.4 0.0152 0.0313 0.0465 0.0434 0.0003 0.0011 0.0014 0.0448 0.4007 0.4455 3.0 32.5 8.2 894 894 
16 29.7 19.8 7.85 7.1 106.5 0.0263 0.0440 0.0703 0.0434 0.0025 0.0007 0.0028 0.0462 0.4371 0.4833 1.8 19.6 8.3 50 50 
17 31.8 18.9 7.88 9.5 143.3 0.0093 0.0180 0.0273 0.0420 0.0003 0.0007 0.0007 0.0427 0.3692 0.4119 4.6 20.5 7.1 170 170 
18 31.5 18.7 7.85 8.4 128.6 0.0093 0.0229 0.0322 0.0434 0.0003 0.0039 0.0042 0.0476 0.3755 0.4231 5.1 31.4 7.8 240 240 
19 32.1 19.3 7.78 7.1 107.9 0.0127 0.0232 0.0359 0.0420 0.0003 0.0053 0.0056 0.0476 0.3965 0.4441 3.8 47.3 18.3 300 300 
20 * * * * * * * * * * * * * * * * * * * * 
21 29.7 20.1 8.09 9.1 134.1 0.0093 0.0121 0.0214 0.0434 0.0003 0.0011 0.0014 0.0448 0.2760 0.3208 4.8 21.3 7.3 8 8 
22 29.4 20.3 7.84 7.2 104.9 0.0074 0.0065 0.0139 0.0420 0.0003 0.0011 0.0014 0.0434 0.2816 0.3250 5.8 36.9 11.2 2 2 
 
*: no sample, BDL: below detection limit 
WT: water temperature, Sal: salinity, DO: dissolved oxygen, DO-sat: saturation dissolved oxygen percentage 
PO4: phosphate, DOP: dissolved organic phosphorus, TDP: total dissolved phosphorus 
NH4: ammonium, NO2: nitrite, NO3: nitrate, NO23:nitrate-nitrite, DIN: dissolved inorganic nitrogen, DON: dissolved organic nitrogen 
TDN: total dissolved nitrogen, DIN:DIP is ratio between dissolved inorganic nitrogen and dissolved inorganic phosphorus 
Chla: chlorophyll-a, pheo: pheophytin, FC: fecal coliform, E. coli: Escherichia coli 
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Table II.4b.  VIMS grab sample data collected in Mill Dam Creek – Dey Cove on July 16, 2008 
  
 
MDC-
DC 
Station 
 
WT 
(oC) 
 
Sal 
(ppt) 
 
pH 
 
DO 
(mg/L) 
 
DO-
sat 
(%) 
 
PO4 
(mg/L 
as P) 
 
DOP 
(mg/L 
as P) 
 
TDP 
(mg/L 
as P) 
 
NH4 
(mg/L 
as N) 
 
NO2 
(mg/L 
as N) 
 
NO3 
(mg/L 
as N) 
 
NO23 
(mg/L 
as N) 
  
DIN 
(mg/L 
as N) 
 
DON 
(mg/L 
as N) 
 
 
TDN 
(mg/L 
as N) 
 
DIN: 
DIP 
 
Chla 
(μg/L) 
 
Pheo 
(ug/L) 
 
FC 
MPN/ 
100 ml 
 
E. coli 
MPN/ 
100 ml 
1 29.7 21.8 8.25 11.0 163.5 0.0124 0.0084 0.0207 0.0084 0.0003 0.0025 0.0028 0.0112 0.3503 0.3615 0.9 21.3 10.5 4 4 
2 29.3 20.7 8.29 12.0 175.0 0.0155 0.0170 0.0325 0.0126 0.0003 0.0007 0.0014 0.0140 0.4455 0.4595 0.9 24.5 8.7 22 22 
3 29.4 19.9 8.35 12.8 187.1 0.0139 0.0177 0.0316 0.0042 0.0003 0.0007 0.0014 0.0056 0.3867 0.3923 0.4 24.0 10.1 22 22 
4 29.8 19.9 8.33 12.5 184.9 0.0139 0.0207 0.0347 0.0084 0.0003 0.0007 0.0007 0.0091 0.4602 0.4693 0.7 2.8 6.3 50 50 
5 29.4 20.2 8.30 11.5 169.2 0.0189 0.0081 0.0269 0.0210 0.0003 0.0007 0.0014 0.0224 0.3488 0.3713 1.2 26.7 12.8 22 14 
6 29.9 19.6 8.42 13.9 204.4 0.0189 0.0269 0.0458 0.0084 0.0003 0.0007 0.0014 0.0098 0.5142 0.5240 0.5 29.6 10.6 17 17 
7 31.0 19.1 8.43 14.6 217.5 0.0204 0.0220 0.0424 0.0098 0.0003 0.0007 0.0007 0.0105 0.5373 0.5478 0.5 28.3 16.7 68 68 
8 * * * * * * * * * * * * * * * * * * * * 
9 30.3 21.4 8.24 11.8 176.3 0.0124 0.0062 0.0186 0.0084 0.0003 0.0007 0.0007 0.0091 0.3467 0.3559 0.7 21.5 10.2 14 14 
10 31.0 20.3 8.22 11.6 175.3 0.0090 0.0043 0.0133 0.0018 0.0003 0.0007 0.0014 0.0032 0.3316 0.3348 0.3 15.4 7.0 13 13 
11 30.9 19.5 8.25 12.3 184.1 0.0090 0.0050 0.0139 0.0168 0.0003 0.0007 0.0014 0.0182 0.3152 0.3334 2.0 19.1 7.8 23 23 
12 30.9 18.9 * 12.1 179.4 0.0124 0.0040 0.0164 0.0042 0.0003 0.0007 0.0007 0.0049 0.3972 0.4021 0.4 24.0 8.7 110 110 
13 31.4 17.9 8.27 13.9 205.8 0.0139 0.0015 0.0099 0.0112 0.0003 0.0007 0.0014 0.0126 0.4875 0.5002 0.9 27.3 8.1 43 43 
14 31.0 18.5 8.20 12.5 185.2 0.0056 0.0192 0.0248 0.0098 0.0003 0.0053 0.0056 0.0154 0.4105 0.4259 2.8 46.2 16.1 80 80 
15 31.4 16.1 8.20 12.8 193.7 0.0139 0.0105 0.0245 0.0056 0.0003 0.0007 0.0007 0.0063 0.6185 0.6248 0.5 29.9 12.4 80 80 
16 31.6 15.8 8.28 14.9 216.6 0.0198 0.0242 0.0440 0.0112 0.0025 0.0007 0.0014 0.0126 0.6515 0.6641 0.6 47.9 13.9 170 110 
17 32.3 12.6 7.84 12.9 191.4 0.0189 0.0149 0.0338 0.0154 0.0003 0.0007 0.0014 0.0168 0.5996 0.6164 0.9 52.3 15.9 500 500 
18 30.4 9.8 7.85 14.1 200.2 0.0214 0.0167 0.0381 0.0112 0.0003 0.0025 0.0028 0.0140 0.7117 0.7257 0.7 31.9 10.6 300 300 
19 30.8 7.3 7.07 15.9 223.0 0.0452 0.1858 0.2310 0.0252 0.0029 0.0307 0.0336 0.0588 0.9947 1.0536 1.3 69.4 11.2 500 500 
20 * * * * * * * * * * * * * * * * * * * * 
21 29.3 21.9 8.23 11.1 161.6 0.0155 0.0074 0.0229 0.0070 0.0003 0.0007 0.0007 0.0077 0.3552 0.3629 0.5 22.7 8.3 13 4 
22 28.2 22.9 8.20 8.2 118.6 0.0105 0.0015 0.0118 0.0042 0.0003 0.0007 0.0007 0.0049 0.3243 0.3292 0.5 17.3 7.4 2 2 
 
*: no sample, BDL: below detection limit 
WT: water temperature, Sal: salinity, DO: dissolved oxygen, DO-sat: saturation dissolved oxygen percentage 
PO4: phosphate, DOP: dissolved organic phosphorus, TDP: total dissolved phosphorus 
NH4: ammonium, NO2: nitrite, NO3: nitrate, NO23:nitrate-nitrite, DIN: dissolved inorganic nitrogen, DON: dissolved organic nitrogen 
TDN: total dissolved nitrogen, DIN:DIP is ratio between dissolved inorganic nitrogen and dissolved inorganic phosphorus 
Chla: chlorophyll-a, pheo: pheophytin, FC: fecal coliform, E. coli: Escherichia coli 
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Table II.4c.  VIMS grab sample data collected in Mill Dam Creek – Dey Cove on August 18, 2008 
  
 
MDC-
DC 
Station 
 
WT 
(oC) 
 
Sal 
(ppt) 
 
pH 
 
DO 
(mg/L) 
 
DO-
sat 
(%) 
 
PO4 
(mg/L 
as P) 
 
DOP 
(mg/L 
as P) 
 
TDP 
(mg/L 
as P) 
 
NH4 
(mg/L 
as N) 
 
NO2 
(mg/L 
as N) 
 
NO3 
(mg/L 
as N) 
 
NO23 
(mg/L 
as N) 
  
DIN 
(mg/L 
as N) 
 
DON 
(mg/L 
as N) 
 
TDN 
(mg/L 
as N) 
 
 
DIN: 
DIP 
 
Chla 
(μg/L) 
 
Pheo 
(ug/L) 
 
FC 
MPN/ 
100 ml 
 
E. coli 
MPN/ 
100 ml 
1 26.9 22.9 7.77 6.0 86.7 0.0071 0.0149 0.0220 0.0056 0.0001 0.0013 0.0014 0.0070 0.3404 0.3474 1.0 13.8 7.2 22 22 
2 27.1 22.7 7.75 5.7 82.2 0.0071 0.0149 0.0220 0.0042 0.0001 0.0027 0.0028 0.0070 0.3208 0.3278 1.0 12.5 4.9 13 13 
3 27.1 22.7 7.78 6.0 84.8 0.0087 0.0173 0.0260 0.0070 0.0001 0.0013 0.0014 0.0084 0.3432 0.3517 1.0 19.2 7.6 23 23 
4 26.8 22.7 7.72 5.5 79.2 0.0087 0.0158 0.0245 0.0042 0.0001 0.0007 0.0007 0.0049 0.3481 0.3531 0.6 16.9 5.1 30 30 
5 27.0 22.5 7.62 5.2 76.2 0.0155 0.0139 0.0294 0.0238 0.0001 0.0007 0.0032 0.0270 0.3414 0.3685 1.7 31.4 8.3 30 30 
6 26.9 22.6 7.66 5.6 79.1 0.0173 0.0260 0.0434 0.0056 0.0001 0.0013 0.0014 0.0070 0.4819 0.4889 0.4 28.5 3.3 50 50 
7 26.7 22.6 7.63 4.7 66.6 0.0139 0.0285 0.0424 0.0042 0.0001 0.0007 0.0007 0.0049 0.4112 0.4161 0.4 23.6 6.0 50 30 
8 26.2 22.5 7.33 2.8 45.1 0.0173 0.0232 0.0406 0.0210 0.0001 0.0069 0.0070 0.0280 0.4623 0.4904 1.6 22.7 6.4 130 300 
9 27.9 22.7 7.86 6.9 100.3 0.0071 0.0090 0.1245 0.0042 0.0001 0.0007 0.0007 0.0252 0.3075 0.3124 0.7 16.4 6.6 7 11 
10 27.8 21.9 7.57 5.0 72.4 0.0071 0.0102 0.0161 0.0112 0.0001 0.0027 0.0028 0.1247 0.3460 0.3601 2.0 10.7 5.4 23 23 
11 27.1 22.0 7.82 6.9 98.9 0.0087 0.0139 0.0173 0.0056 0.0001 0.0027 0.0028 0.0049 0.4777 0.4861 1.0 28.8 6.1 23 23 
12 27.0 22.2 7.61 4.8 70.0 0.0087 0.0195 0.0226 0.0042 0.0001 0.0007 0.0008 0.0140 0.3776 0.3825 0.6 23.3 8.3 17 17 
13 27.4 22.0 7.84 7.1 100.9 0.0071 0.0223 0.0282 0.0070 0.0001 0.0013 0.0014 0.0084 0.4133 0.4217 1.2 31.5 8.7 13 13 
14 26.9 22.1 7.49 3.9 57.1 0.0207 0.0334 0.0294 0.0042 0.0001 0.0013 0.0014 0.0056 0.4679 0.4735 0.3 40.4 14.1 30 50 
15 26.5 21.3 7.50 5.2 73.6 0.0087 0.0248 0.0542 0.0070 0.0001 0.0013 0.0014 0.0084 0.4049 0.4133 1.0 25.9 5.7 130 80 
16 26.6 21.4 7.35 3.8 55.5 0.0121 0.0127 0.0248 0.0112 0.0001 0.0055 0.0056 0.0168 0.4161 0.4329 1.4 27.5 9.4 30 30 
17 27.0 21.1 7.50 5.0 70.7 0.0139 0.0192 0.0331 0.0070 0.0001 0.0013 0.0014 0.0084 0.4469 0.4553 0.6 27.7 8.0 300 300 
18 28.0 21.4 7.51 4.6 67.4 0.0087 0.0180 0.0266 0.0070 0.0001 0.0027 0.0028 0.0098 0.4077 0.4175 1.1 20.5 7.2 220 500 
19 28.7 21.7 7.51 4.5 68.6 0.0087 0.0207 0.0294 0.0112 0.0001 0.0027 0.0028 0.0140 0.4147 0.4287 1.6 21.0 8.0 500 500 
20 28.6 21.7 7.11 4.0 58.1 0.0087 0.0201 0.0288 0.0084 0.0001 0.0167 0.0168 0.0252 0.4946 0.5198 2.9 19.5 4.7 240 300 
21 26.2 22.9 7.87 6.0 84.4 0.0105 0.0081 0.0186 0.0112 0.0001 0.0027 0.0028 0.0140 0.3194 0.3334 1.3 16.1 6.2 13 13 
22 27.2 22.8 7.96 6.8 96.3 0.0071 0.0096 0.0167 0.0070 0.0001 0.0027 0.0028 0.0098 0.2858 0.2956 1.4 11.6 2.4 0 0 
 
*: no sample, BDL: below detection limit 
WT: water temperature, Sal: salinity, DO: dissolved oxygen, DO-sat: saturation dissolved oxygen percentage 
PO4: phosphate, DOP: dissolved organic phosphorus, TDP: total dissolved phosphorus 
NH4: ammonium, NO2: nitrite, NO3: nitrate, NO23:nitrate-nitrite, DIN: dissolved inorganic nitrogen, DON: dissolved organic nitrogen 
TDN: total dissolved nitrogen, DIN:DIP is ratio between dissolved inorganic nitrogen and dissolved inorganic phosphorus 
Chla: chlorophyll-a, pheo: pheophytin, FC: fecal coliform, E. coli: Escherichia coli 
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Figure II.20.  Spatial plot of water temperatures from MDC/DC grab samples, June 16, 
2008. 
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    Figure II.21.  Spatial plot of salinities from MDC/DC grab samples, June 16, 2008. 
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Figure II.22. Spatial plot of dissolved oxygen from MDC/DC grab samples, June 16, 
2008. 
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 Figure II.23.  Spatial plot of chlorophyll-a from MDC/DC grab samples, June 16, 2008. 
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 Figure II.24. Spatial plot of fecal coliform from MDC/DC grab samples, June 16, 2008. 
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Figure II.25. Spatial plot of dissolved organic nitrogen (DON) from MDC/DC grab 
samples, June 16, 2008. 
 
 
 
33
0.2 0 0.2 0.4 0.6 0.8 1 Kilometers
#
Mill Dam 
Creek
#
Dey Cove
Broad Bay
Ammonium (NH4)
(mg/L as N)
Mill Dam Creek /Dey Cove
Grab Sample Survey   
June 16, 2008
#
#
# ##
#
#
#
#
#
# #
# #
#
#
#
#
#
#
#
0.046
0.045
0.046
0.048
0.045
0.043
0.048
0.050
0.043
0.045
0.049
0.045
0.045 0.043
0.043 0.043
0.042
0.043
0.042
0.043
0.042
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure II.26.  Spatial plot of ammonium from MDC/DC grab samples, June 16, 2008. 
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 Figure II.27.  Spatial plot of phosphate from MDC/DC grab samples, June 16, 2008. 
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Figure II.28.  Spatial plot of total dissolved phosphorus from MDC/DC grab samples, 
June 16, 2008 
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 Figure II.29.  Spatial plot of DIN:DIP ratio from MDC/DC grab samples, June 16, 2008. 
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Figure II.30. Spatial plot of water temperature from MDC/DC grab samples, July 16, 
2008. 
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Figure II.31. Spatial plot of salinity from MDC/DC grab samples, July 16, 2008. 
 
 
 
39
0.2 0 0.2 0.4 0.6 0.8 1 Kilometers
#
Mill Dam 
Creek
#
Dey Cove
Broad Bay
Dissolved oxygen
(mg/L)
Mill Dam Creek /Dey Cove
Grab Sample Survey   
July 16, 2008
#
#
#
#
#
#
#
#
#
# #
# #
#
#
#
#
#
#
#
11.51
13.91
14.58
12.76
12.52
11.96
11.02
11.78
12.08
12.33
11.63
13.87 12.49
12.80 14.87
12.94
11.12
8.17
14.07
15.85
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.32.  Spatial plot of dissolved oxygen from MDC/DC grab samples, July 16, 
2008. 
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Figure II.33.  Spatial plot of chlorophyll-a from MDC/DC grab samples, July 16, 2008. 
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Figure II.34.  Spatial plot of fecal coliform from MDC/DC grab samples, July 16, 2008. 
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Figure II.35.  Spatial plot of dissolved organic nitrogen (DON) from MDC/DC grab 
samples, July 16, 2008. 
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Figure II.36. Spatial plot of ammonium from MDC/DC grab samples, July 16, 2008. 
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Figure II.37. Spatial plot of phosphate (PO4) from MDC/DC grab samples, July 16, 2008. 
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Figure II.38. Spatial plot of total dissolved phosphorus (TDP) from MDC/DC grab 
samples, July 16, 2008. 
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Figure II.39. Spatial plot of DIN:DIP ratio from MDC/DC grab samples, July 16, 2008. 
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Figure II.40. Spatial plot of water temperature from MDC/DC grab samples, August 18, 
2008. 
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Figure II.41. Spatial plot of salinity from MDC/DC grab samples, August 18, 2008. 
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Figure II.42.  Spatial plot of dissolved oxygen from MDC/DC grab samples, August 18, 
2008. 
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Figure II.43.  Spatial plot of chlorophyll-a from MDC/DC grab samples, August 18, 
2008. 
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Figure II.44.  Spatial plot of fecal coliform from MDC/DC grab samples, August 18, 
2008. 
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Figure II.45.  Spatial plot of dissolved organic nitrogen (DON) from MDC/DC grab 
samples, August 18, 2008. 
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Figure II.46. Spatial plot of ammonium from MDC/DC grab samples, August 18, 2008. 
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Figure II.47. Spatial plot of phosphate (PO4) from MDC/DC grab samples, August 18, 
2008. 
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Figure II.48. Spatial plot of total dissolved phosphorus (TDP) from MDC/DC grab 
samples, August 18, 2008. 
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Figure II.49. Spatial plot of DIN:DIP ratio from MDC/DC grab samples, August 18, 
2008. 
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II.3. VIMS 30-day measurements of MDC-DC surface elevations 
 
In addition to the surface elevations measured by the YSI instruments mounted with taut 
moorings shown in Section II.1, high-frequency surface elevations were recorded at 
locations near the heads of both Mill Dam Creek and Dey Cove (shown in Figure II.50) 
for periods in excess of 30 days. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure II.50.  Locations for 30-day surface elevation measurements. 
 
Surface elevation (relative to mean) time series measured at these two locations are 
shown in Figures II.51 and II.52.  The results indicate that the standing wave 
characteristics determined in the summer 2008 measurements propagate to these two 
locations near the heads of each branch, confirming the earlier measurements.  
Comparisons of both datasets to model predictions are provided in Section IV-1-3. 
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 Figure II.51.  Mill Dam Creek 30-day surface elevations (relative to mean). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure II.52.  Dey Cove 30-day surface elevations (relative to mean). 
 
 
 
 
CHAPTER III. NUMERICAL MODELING METHODOLOGY 
 
 
III-1. Description of Numerical Modeling Framework 
 
Numerical modeling, in a broad sense, is a process of building a mathematical abstraction 
of an actual system.  In the estuarine and coastal environmental context, the system 
consists of physical, chemical, and biological components that are interactive and feed 
back on one another.  The VIMS numerical modeling framework, as shown in Figure 
III.1,  involves an integrated approach that combine several different processes such as 
hydrodynamic, water quality, nutrient, and sediment processes in order to fully address 
the environmental impact.  Whereas the CE-QUAL-ICM water quality model is shown to 
be the central processing mechanism, it depends heavily upon the other models with 
which it interacts: 
   
1) the UnTRIM (Unstructured Tidal, Residual, and Intertidal Mudflat) 
hydrodynamic model for mass and volume transport;  
2) the HSPF watershed model for freshwater discharge and nutrient loadings; and 
3) the sediment model for sediment flux information. 
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 Figure III.1. The integrated modeling approach used for the VIMS water quality model 
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III-2.  The UnTRIM hydrodynamic model 
 
The hydrodynamic model selected for use in the numerical modeling framework is vital 
in that it provides the transport information required by the water quality model.  The 
VIMS selection of UnTRIM as the hydrodynamic model for this project was based on 
several key features that make UnTRIM ideally suited for application to the Lynnhaven: 
  
1) UnTRIM’s use of an unstructured gird allows for a better fit of the 
meandering shorelines of the Lynnhaven branches; 
2) UnTRIM’s efficient wetting-and-drying-algorithm affords accurate 
representation of the intra-tidal areas in the system; 
3) UnTRIM’s finite volume representation has the quality of conserving mass 
locally as well as globally; and 
4) UnTRIM’s independence from the Courant-Friedrich-Levy (CFL) stability 
criterion allows for the use of a comparatively long timestep for calculations 
(several minutes) despite maintaining high spatial resolutions on the order of 
10 meters 
   
 
III-2-1.  Description of UnTRIM 
The hydrodynamic model UnTRIM was developed by Professor Vincenzo Casulli 
(Trento University, Italy).  UnTRIM is a semi-implicit finite difference (-volume) model 
based on the three-dimensional shallow water equations as well as on the three-
dimensional transport equation for salt, heat, dissolved matter and suspended sediments.  
UnTRIM is governed by the equations of motion, the equation of continuity, and the 
transport equation.   
UnTRIM is able to work on unstructured orthogonal grids (UOG). The modeling domain 
is covered by a grid consisting of a set of non-overlapping convex polygons, usually 
either triangles or quadrilaterals. The grid is said to be an unstructured orthogonal grid if 
within each polygon a point (hereafter called a center) can be identified in such a way 
that the segment joining the center of two adjacent polygons and the side shared by the 
two polygons, have a non-empty intersection and are orthogonal to each other (Casulli 
and Zanolli, 1998). 
UnTRIM has been widely used (Li, 2002; Li et al., 2004; Wang et al., 2004; Luckenbach 
et al., 2005; Sisson et al., 2005; Shen et al., 2006). The governing equations of UnTRIM 
are solved using a semi-implicit, finite difference/finite volume numerical scheme based 
on the three-dimensional shallow water equations as well as on the three-dimensional 
transport equation.  Quantities computed by the model include three-dimensional 
velocities, surface elevation, vertical viscosity and diffusivity, salinity, and temperature.  
Li (2006) performed numerous rigorous tests comparing the inlet dynamics predicted 
from UnTRIM with the classic analytical solutions of Keulegan (1967), King (1974), and 
DiLorenzo (1988) using ideal cases.   
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The numerical algorithms of UnTRIM (Casulli and Zanolli, 1998; Casulli, 1999;  Casulli 
and Walters, 2000; Casulli and Zanolli, 2002) are relatively straightforward, and yet 
general and robust. The detailed model description can be found in the above references. 
Compared with an unstructured finite element model, UnTRIM has a number of 
interesting properties, such as global and local mass conservation, high-order numerical 
accuracy, and unconditional stability.  
 
An unstructured orthogonal grid differs from the orthogonal grid, such as that used by 
other models like the Hydrodynamic Eutrophication Model in 3 Dimensions (HEM-3D) 
or the Princeton Ocean Model (POM). The orthogonal grid used by HEM-3D and POM 
consist of only four-sided structured polygons, but UnTRIM can use both three- or four-
sided polygons. As with other models, the horizontal computational domain must be 
covered with a set of non-overlapping convex three- or four-sided polygons. Each side of 
the polygon is either a boundary line or a side of an adjacent polygon.  
 
The highest numerical accuracy is obtained when a uniform grid, composed of equilateral 
triangles or uniform quadrilaterals (i.e., rectangles), is used. In these cases, the normal 
velocity on each face of each polygon is located at the center point of the face and the 
centers of two adjacent polygons are equally spaced from the common face. 
Consequently, the discretization error is small. An unstructured, nonuniform grid can be 
used with a somewhat larger discretization error (Casulli and Zanolli, 1998). The error 
would be amplified as the simulation time is long enough, which is common in water 
quality simulation. Whereas, this error can be minimized when the polygon size and 
shape vary through the flow domain are properly arranged. So, in order to take full 
advantage of the new flexibilities of the unstructured grid, the grid size and shape should 
change gradually. 
 
In the UnTRIM numerical scheme, the local volume conservation is assured by the finite 
volume formulation. At the same time, a finite volume method is used to discretize the 
free-surface two-dimensional equation at each polygon. In this fashion, local and global 
volume conservation is guaranteed. The transport equations are solved by using the sub-
cycle upwind scheme, or using a higher resolution scheme -- flux limiter method (Casulli 
and Zanolli, 2005). Therefore, when the transport equations are calculated, mass is also 
conserved locally and globally because a finite volume form is used. 
 
The Eulerian–Lagrangian method (ELM), also known as the semi-Lagrangian method 
(SL), is applied in the UnTRIM numerical scheme to solve the momentum equations. It 
allows one to achieve a very accurate discretization of the nonlinear advection terms 
(Staniforth and Temperton, 1986). The advection term is solved by the Lagrangian 
method, which can be computed independently at each time step by the method of 
characteristics applied to a fixed grid domain. ELM is especially efficient when applied 
to unstructured Cartesian grids (Casulli and Walters, 2000; Casulli and Zanolli, 2002; 
Cheng et al., 1993). When momentum equations are solved, ELM combines the 
advantages of the Eulerian method and the Lagrangian method, by merging the simplicity 
of a fixed Eulerian grid with the computational power of the Lagrangian method. The 
advantage of ELM is that the sharp front of velocity or concentration is easier to trace 
since the system matrix becomes symmetric and diagonal (Casulli and Zanolli, 2002). 
Secondly, a large time step can be used, since the Courant number is not constrained by 
the small grid size (Casulli and Cattani, 1994; Casulli, 1999; Casulli and Walters, 2000; 
Casulli and Zanolli, 2002; Cheng and Casulli, 1996). 
 
In applications to domains using the unstructured grid, there are two keys steps:  
approximation of the Lagrangian paths (characteristic streamlines) and interpolation at 
the departure point of the Lagrangian trajectory. The determination of the approximation 
of the characteristic streamline is solved using an integration method (Euler method) with 
a small time step shorter than the global time step. The method used by UnTRIM is 
called “Substepping” for the approximation of the backward trajectory (Casulli and 
Cattani, 1994; Casulli, 1999). In order to calculate the departure point, the bilinear 
interpolation is used by UnTRIM, which is sufficiently accurate.   
 
The minimum grid size for a UnTRIM application can be as small as a few meters. 
However, due to its unconditional stability, UnTRIM can still use a very large timestep 
on the order of 10 minutes. Casulli and Cattani (1994) noted that the stability analysis of 
the semi-implicit finite difference method has been carried out in the case of barotropic 
and hydrostatic flow on a uniform rectangular grid.  They assumed that the governing 
differential equations are linear, with constant coefficients, and are defined over an 
infinite horizontal domain. The analysis shows that the method is stable. Computational 
results of several test cases have indicated that no additional stability restrictions are 
required when a non-uniform unstructured mesh is used and when the hydrostatic 
assumption is removed. Thus, the stability of the present algorithm is independent of the 
celerity, wind stress, vertical viscosity, and bottom friction. It does depend on the 
discretization of the advection and horizontal viscosity terms. When an Eulerian-
Lagrangian method is used for the explicit terms, a mild limitation on the time step 
depends on the horizontal viscosity coefficient and on the smallest polygon size. A 
further mild limitation on the time step is imposed in baroclinic flows because the 
baroclinic pressure term in the momentum equation has been discretized explicitly. This 
limitation is related to the internal wave speed that is typically smaller than the surface 
wave speed. This method becomes unconditionally stable for barotropic flows when the 
horizontal viscosity terms are neglected. 
 
 
III-2-2.  Formulation of UnTRIM governing equations  
 
In Cartesian coordinates, the governing continuity and momentum equations for three-
dimensional flows solved by the model are: 
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The transport equation for salt, temperature, and conservative solutes, C, and an equation 
of state showing that the water density is a function of salinity and temperature are: 
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ρ = ρ0 [1 + αs + β(T − T0)2 ]          (III-6) 
where (u, v, w) are (x, y, z) velocity components, η is the free-surface elevation measured 
from a reference datum, vv and vh are vertical and horizontal eddy viscosities, D
Dt
 is the 
substantial derivative, ρ and ρ0 are density and a reference density, pa is atmospheric 
pressures, q is non-hydrostatic pressure component, f is the Coriolis parameter, C 
represents salinity, temperature, or other conservative solutes, Kv and Kh are the vertical 
and horizontal eddy diffusivities, s is salinity in practical salinity units (psu), T and T0 are 
temperature and a reference temperature in 0C, respectively, and constants α = 7.8 x 10-4  
and β = 7 x 10-6.  
      
The surface wind stress components are computed using the quadratic relationships and 
the surface boundary conditions are: 
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where  , ua and va are the horizontal components of wind velocity near 
the ocean surface,  ρa is the air density, and Ca is the drag coefficient based on the 
following equation: 
2/122 )(|| aaa vuu +=
310|)|067.75.0( −×+= aaC u0       (III-9) 
     The bottom stress is represented by the Manning’s friction relationship: 
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where n is the Manning parameters, u and v are bottom layer horizontal velocities, Δz is 
the bottom layer thickness, and ρ is the water density. 
 
Open Boundary 
The model is a general three-dimensional model capable of simulating both 2-
dimensional (vertical averaged) and 3-dimensional hydrodynamics and transport 
processes.  The model uses a combined finite difference and finite volume scheme.  Also, 
it uses an orthogonal, unstructured grid with mixed triangular and quadrilateral grids, 
which allows better fitting boundaries and local grid refinements to meet the needs of 
resolving spatial resolution in numerical modeling tasks.  Figure III.2 shows an example 
of an orthogonal grid. The domain is covered by a set of non-overlapping convex 
polygons.  Each side of a polygon is either a boundary line or a side of an adjacent 
polygon.  The z-coordinate is used in the vertical.  To relax the CFL condition, the 
Eulerian-Lagrangian transport scheme is used for treating the convective terms.  A semi-
implicit finite-difference method of solution was implemented in the model (Casulli, 
1999).  The terms that affect the numerical stability are treated implicitly, and the 
remaining terms are treated explicitly, which has proven to be computationally efficient 
(Cheng and Casulli, 2002).  With the use of a Eulerian-Lagrangian transport scheme, the 
model is not restricted by the CFL condition. Therefore, very fine model grids can be 
used to represent the model domain without reducing computational efficiency.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
  Figure III.2.  An example of an orthogonal grid. 
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III-3.  Description of the watershed model for the Lynnhaven River Basin 
 
As VIMS has developed the hydrodynamic and water quality models for the Lynnhaven 
River receiving waters, URS Corporation of Virginia Beach has developed a watershed 
model for the Lynnhaven River Basin.  The watershed model used by URS is HSPF 
(Hydrological Simulation Program – FORTRAN), version 12 (URS Technical 
Memorandum, Hydrologic Concepts and Parameter Development, 2006).   
 
The goal of the watershed modeling effort is to provide the freshwater discharge and 
nutrient and sediment loadings from the watershed at high spatial and temporal 
resolutions.   The Lynnhaven River Basin, consisting of 7 sub-watersheds, has been 
delineated into 1,079 catchments, ranging in size from approximately 40 acres, as shown 
in Figure III.2. 
 
The landuse in the Lynnhaven Basin is 40% residential and 35% composed of streets, 
commercial and office space, and military use.  In its watershed model development, 
URS selected a total of 23 land uses within the Lynnhaven River basin into which zoning 
codes could then be grouped.  URS then assigned to each landuse a directly connected 
impervious percentage, as shown in Table III.1.  Landuse was employed to develop 
effective impervious area percentages for the nearly 57,000 land parcels within the 
Lynnhaven Basin. 
 
For each of these catchments, the URS model simulates the following 9 constituents: 
- biochemical oxygen demand (BOD) 
- total dissolved solids (TDS) 
- chemical oxygen demand (COD) 
- nitrate – nitrite (NO3) 
- total Kjeldahl nitrogen (TKN) 
- ammonia (NH3) 
- total phosphorus (TP) 
- dissolved phosphorus (DP) 
- total suspended sediments (TSS) 
 
The URS model was calibrated for by comparing its predictions to monitoring data 
collected at 5 sites within and/or nearby the Lynnhaven basin (URS, 2007).  The 
calibrated model was then used to provide multi-year datasets of its outputs of hourly 
nutrient loadings and freshwater discharge to the VIMS models.  
 
One of the recommendations that came from the Lynnhaven River modeling study 
(Sisson et al., 2009) was to investigate further the water quality conditions in the Mill 
Dam Creek – Dey Cove system.  This recommendation led to the present study.  For Mill 
Dam Creek, the watershed spatial resolution was further delineated from that shown in 
Figure III.3.  A total of 17 nonpoint source locations were specified for hourly 
specifications of nutrient and fecal coliform loadings and freshwater discharge, as shown 
in Figure III.4. 
 
URS Watershed
Catchment areas
UnTRIM grid cells
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
Figure III.3. The 1079 catchment areas delineated by the URS watershed model 
superimposed on the UnTRIM model grid. 
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Table III.1.  Impervious percentages of Lynnhaven Basin Landuse Categories. 
 
Landuse 
No. 
Landuse Landuse Description Impervious 
Percentage 
1 AG Agricultural 15% 
2 SFL Single Family Low Density 16% 
3 SFM Single Family Medium Density 21% 
4 SFH Single Family High Density 24% 
5 MFM Multi-Family Medium Density 37 % 
6 MFH Multi-Family High Density 62% 
7 PD Planned Development 29% 
8 O Office 71% 
9 NB Neighborhood Business 39% 
10 B Business 73% 
11 I Industrial 45% 
12 RT Resort Tourist 71% 
13 PK Park 5% 
14 GC Golf Course 5% 
15 OS Open Space 0.5% 
16 OF Other facilities 8% 
17 SC School 47% 
18 ST Street 60% 
19 CM Cemetary 5% 
20 CH Church 47% 
21 WT Wetland 100% 
22 BMP Best Management Practice 100% 
23 WAT Water 100% 
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Figure III.4. Nonpoint source locations for the URS watershed model in MDC-DC 
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III-4. The CE-QUAL-ICM Water Quality Model 
 
The CE-QUAL-ICM water quality model was initially developed as one component of a 
model package employed to study eutrophication processes in Chesapeake Bay (US 
Army ERDC, 2000).  ICM stands for "integrated compartment model," which is 
analogous to the finite volume numerical method.  The model computes and reports 
concentrations, mass transport, kinetics transformations, and mass balances.  This 
eutrophication model computes 22 state variables including multiple forms of algae, 
carbon, nitrogen, phosphorus, and silica, and dissolved oxygen.  One significant feature 
of ICM is a diagenetic sediment sub-model, which interactively predicts sediment-water 
oxygen and nutrient fluxes.  Alternatively, these fluxes may be specified based on 
observations. 
 
CE-QUAL-ICM has been applied to many sites, including Chesapeake Bay, Inland Bays 
of Delaware, New York Bight, Newark Bay, New York - New Jersey Harbors and  
Estuaries, Lower Green Bay, Los Angeles - Long Beach Harbors, Cache River wetlands, 
San Juan Bay and Estuaries, Florida Bay, and Lower St. Johns River. 
 
The foundation of CE-QUAL-ICM is the solution to the three-dimensional mass-
conservation equation for a control volume based on the finite volume approach. 
Transport within the CE-QUAL-ICM (Cerco and Cole, 1995) is based on the integrated 
compartment method (or box model methodology).  The present version of CE-QUAL-
ICM transport is a loose extension of the original WASP code (Ambrose et al., 1986). 
The notion of utilizing the box model concept was retained in order to allow the coupling, 
via map files, of ICM with various hydrodynamic models. ICM represents "integrated 
compartment model," which is the finite volume numerical method. The model computes 
constituent concentrations resulting from transport and transformations in well-mixed 
cells that can be arranged in arbitrary triangular and quadrilateral configurations. Thus, 
the model employs an unstructured grid system, which is compatible with UnTRIM.     
 
III-4-1.  Linkage between UnTRIM and CE-QUAL-ICM 
 
The foundation of CE-QUAL-ICM is the solution to the three-dimensional mass-
conservation equation for a control volume based on the finite volume approach. For each 
volume and for each state variable, the governing equation that CE-QUAL-ICM solves 
is:  
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where:                                                   
Vj = volume of jth control volume (m3) 
Cj = concentration in jth control volume (mg m-3) 
t, x  = temporal and spatial coordinates 
n = number of flow faces attached to jth control volume 
Qk = volumetric flow across flow face k of jth control volume (m3 sec-1) 
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Ck = concentration in flow across flow face k (mg m-3) 
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Ak = area of flow face k (m2) 
Dk = diffusion coefficient at flow face k (m2 sec-1) 
Sj = external loads and kinetic sources and sinks in jth control volume (mg sec-1) 
 
The above conservation-of-mass equation is solved in two steps.  In the first step, an 
intermediate value is computed. The intermediate value includes the effects of change in 
cell volume, longitudinal and lateral transport, and external loading. This horizontal 
transport is solved using the UPWIND algorithm or the third-order-accurate non-uniform 
grid QUICKEST algorithm. In the second step, the effects of vertical transport and 
kinetic transformation are computed.  The second-order implicit Crank-Nicolson scheme 
is used in the vertical direction.  The linkage between UnTRIM and CE-QUAL-ICM 
focuses on the horizontal transport. The details of the horizontal transport methodology 
and the modifications required for a non-uniform and non-structured grid are presented 
below. 
 
The original horizontal advection operator in CE-QUAL-ICM was designed to work with 
structured grid hydrodynamic models such as CH3D (Chapman and Cole, 1992).  For a 
structured grid, grid information is described by rows and columns of cells combined 
with cell dimensions. The box lengths are directly calculated according to the relationship 
of rows and columns using a structured grid, and then are used to compute the UPWIND 
or QUICKEST transport multipliers.  Due to prior successful applications of the 
UPWIND and QUICKEST transport algorithms in CE-QUAL-ICM (Dortch et al., 1991; 
Chapman and Cole, 1992), a similar approach was adopted for the non-structured version 
of CE-QUAL-ICM.  The vertical transport computation utilizes the same solution, both 
for structured and unstructured grids. 
 
An essential task of this study was the development of linkage software to provide 
geometric and hydrodynamic information transferring from UnTRIM output to the CE-
QUAL-ICM code and to test the success of the linkage.  The software development 
consisted of three basic parts: 
1) Unstructured grid information used by the hydrodynamic model was 
transferred into CE-QUAL-ICM, including the number of polygons, faces, 
and the relationship between polygons and faces.  The linkage software was 
developed to map the unstructured grid configuration and geometry 
information into several files that could be interpreted by the CE-QUAL-ICM 
code. 
2) Hydrodynamic simulation results required for output and transfer into CE-
QUAL-ICM. A postprocessor code of UnTRIM was developed to output the 
3-dimensional surface area of each polygon and volume of each polygon only 
at the beginning of the simulation.  The 3-dimensional velocity field, surface 
water elevation information at each face and the center point of each polygon, 
and vertical diffusivity were output at each time step.   
3) CE-QUAL-ICM was modified to accept the UnTRIM linkage information, 
especially in the input program and transport calculation. 
 
The mapping of grid information between UnTRIM and CE-QUAL-ICM, and the 
transfer of information between these two models, are described in more detail in Li 
(2006). 
 
III-4-2.  Dissolved oxygen process 
(1) Effects of algae in water column on dissolved oxygen  
Algae produce oxygen during photosynthesis and consume oxygen through respiration. 
The quantity produced during photosynthesis depends on the form of nitrogen taken up.  
Since oxygen is released in the reduction of nitrate (NO3), more oxygen is produced, per 
unit of carbon fixed, when NO3 is the algal nitrogen source than when ammonia NH4 is 
the source.  When NH4 is the nitrogen source, one mole of oxygen is produced per mole 
carbon dioxide fixed.  When NO3 is the nitrogen source, 1.3 moles oxygen are produced 
per mole carbon dioxide fixed.  The equation that describes the effect of algae 
photosynthesis on DO in the model is:      
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where: 
PNx = algal group x preference for ammonium 
Px = production rate of algal group x (day-1) 
AOCR = DO-to-carbon ratio in respiration (2.67 g O2 per g C) 
Bx = algal biomass (g C m-3) 
As employed here, basal metabolism is the sum of all internal processes that decrease 
algal biomass.  A portion of the metabolism is respiration and may be viewed as a 
reversal of production.  In respiration, carbon and nutrients are returned to the 
environment accompanied by the consumption of DO. Respiration cannot proceed in the 
absence of DO. Basal metabolism cannot decrease in proportion to oxygen availability.  
Formulation of this process is described as: 
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where: 
KHRx = half-saturation constant of DO for algal DOC exudation (g O2 m-3) 
BMx =  basal metabolism rates for algal group x (day-1) 
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(2) Effects of nitrification on dissolved oxygen 
Nitrification is a process mediated by specialized groups of autotrophic bacteria that 
obtain energy through the oxidation of ammonia to nitrite and oxidation of nitrite to 
nitrate. A simplified expression for complete nitrification is: 
 
NH4+ + 2O2 Æ  NO3- +H2O +2H2+                                                                           (III-15) 
The equation indicates that two moles of oxygen are required to nitrify one mole of 
ammonia into nitrate. The simplified equation is not strictly true, however. Cell synthesis 
by nitrifying bacteria is accomplished by the fixation of carbon dioxide so that less than 
two moles of oxygen are consumed per mole ammonium utilized (Wezernak and 
Gannon, 1968). In this study, nitrification is modeled as a function of available 
ammonium, dissolved oxygen, and temperature: 
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where: 
NT = nitrification rate (gm N m-3 day-1) 
NTM = maximum nitrification rate at optimal temperature (gm N m-3 day-1) 
KHONT = half-saturation constant of DO required for nitrification (gm DO m-3) 
KHNNT = half-saturation constant of NH4 required for nitrification (gm N m-3) 
 
Therefore, the effect of nitrification on DO is described as follows: 
NTAONT
t
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where: 
AONT = mass DO consumed per mass ammonia nitrified (4.33 gm DO gm–1 N) 
 
(3) Effects of surface reaeration on dissolved oxygen   
Reaeration occurs only in the model surface cells. The effect of reaeration is: 
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where: 
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KR = reaeration coefficient (m day –1) 
Δzs = model layer thickness (m)  
DOS = dissolved oxygen saturation concentration (gm DO m-3) 
 
Saturation dissolved oxygen concentration DOS is computed (Genet et al., 1974): 
( )25-3-
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where: 
S = salinity (ppt) 
 
(4)  Effects of Chemical Oxygen Demand on dissolved oxygen 
In the present model, chemical oxygen demand represents the reduced materials that can 
be oxidized through inorganic means. The kinetic equation showing the effect of 
chemical oxygen demand is: 
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where: 
COD = chemical oxygen demand concentrations (g O2-equivalents m-3) 
KHOCOD = half-saturation constant of DO for oxidation of COD (g O2 m-3) 
KCOD = oxidation rate of COD (day-1) 
 
 ( ]TR  -  [TKTexp  K  K CODCODCDCOD ⋅= )                                                                    (III-21) 
where: 
KCD = oxidation rate of COD at reference temperature TRCOD (day-1) 
KTCOD = effect of temperature on oxidation of COD (°C-1) 
T = water temperature (°C) 
TRCOD = reference temperature for oxidation of COD (°C). 
 
Overall, the internal sources and sinks of dissolved oxygen include algal photosynthesis 
and respiration, atmospheric reaeration (surface cells only), heterotrophic respiration, 
nitrification, and oxidation of COD.  The complete kinetic equation showing sediment 
oxygen demand (bottom cells only) is: 
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III-4-3.  Model Phytoplankton Kinetics 
 
There are three functional groups for algae: cyanobacteria, diatoms, and green algae. This 
grouping is based upon the distinctive characteristics of each class and upon the 
significant roles these characteristics play in the ecosystem. Cyanobacteria are 
characterized by their bloom-forming characteristics in fresh water. They are 
characterized as having small settling velocity and are subject to low predation pressure. 
Diatoms are large phytoplankton that usually produce the spring bloom in the saline 
water. Settling velocity of diatoms is relatively large, so the diatoms settling into 
sediment may be a significant source of carbon for sediment oxygen demand. Diatoms 
are also distinguished by their requirement of silica as a nutrient. The green algae 
represent the mixture that characterizes blooming in saline waters during summer and 
autumn, and are subject to relatively high grazing pressure. 
 
Equations governing the three algal groups are similar. Differences among groups are 
expressed through the magnitudes of parameters in the equations. Generic equations are 
presented below, except when group-specific relationships are required. Algal sources 
and sinks in the conservation equation include production, metabolism, predation, and 
settling. In the following equations, a subscript, x, is used to denote three algal groups: c 
for cyanobacteria, d for diatoms, and g for green algae. The internal sources and sinks 
included are growth (production), basal metabolism (respiration and exudation), 
predation, and settling.  The kinetic equations for algae are:  
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where: 
Bx = algal biomass, expressed as carbon (g C m-3) 
Px = growth (production) rates of algae (day-1) 
BMx = basal metabolism rates of algae (day-1) 
PRx = predation rates of algae (day-1) 
WSx = algal settling velocity (m day-1) 
z = vertical coordinate 
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(1) Growth (Production) 
 
Algal growth rate depends on nutrient availability, ambient light, and temperature.  The 
effects of these processes are considered to be multiplicative as follows: 
 
f(T)f(I)f(N)  PM  P xx ⋅⋅⋅=                                                                                         (III-24) 
where: 
PMx = maximum production rate under optimal conditions (day-1) 
f(N) = effect of sub-optimal nutrient 
f(I) = effect of light intensity 
f(T) = effect of temperature 
 
(2) Effect of nutrient on growth 
Liebig’s “law of the minimum” (Odum, 1971) is used, so that nutrient limitation is 
determined by the single most limiting nutrient: 
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where: 
NH4, NO3 = ammonium and nitrate nitrogen concentrations, respectively (g N m-3) 
PO4d = dissolved phosphate concentration (g P m-3) 
SAd = dissolved silica concentration (g Si m-3) 
KHNx = half-saturation constant for algal nitrogen uptake (g N m-3)  
KHPx = half-saturation constant for algal phosphorus uptake (g P m-3)  
KHSd = half-saturation constant for silica uptake by diatoms (g Si m-3) 
 
(3) Effects of light on growth 
 
The influence of light on phytoplankton production is represented by a chlorophyll-
specific production equation (Jassby and Platt, 1976): 
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where: 
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PB = photosynthetic rate (g C g-1 Chl d-1) 
PBm = maximum photosynthetic rate (g C g-1 Chl d-1) 
I = irradiance (E m-2 d-1) 
 
Parameter Ik is defined as the irradiance at which the initial slope of the production 
vs. irradiance relationship intersects the value of PBm: 
 
 mP   
B
α=IK                                                                                                                (III-27) 
where: 
α = initial slope of production vs. irradiance relationship (g C g-1 Chl (E m-2)-1) 
Chlorophyll-specific production rate is readily converted to carbon specific growth rate, 
through division by the carbon-to-chlorophyll ratio: 
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where: 
CChl = carbon-to-chlorophyll ratio (g C g-1 chlorophyll-a) 
 
(4)  Effect of temperature on growth 
The effect of temperature on algal production is represented by a function similar to a 
Gaussian probability curve: 
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where: 
TMx = optimal temperature for algal growth (°C) 
KTG1x = effect of temperature below TMx on algal growth (°C-2) 
KTG2x = effect of temperature above TMx on algal growth (°C-2) 
 
 
(5)  Constructing the photosynthesis vs. irradiance curve 
A production versus irradiance relationship is constructed for each model cell at each 
time step. First, the maximum photosynthetic rate under ambient temperature and nutrient 
concentrations is determined: 
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 f(N)*f(T)*mP    T)m(N,P BB =                                                                                (III-30) 
where: 
PBm(N,T) = maximum photosynthetic rate under ambient temperature and nutrient  
                    concentrations (g C g-1 Chl d-1) 
 
The single most limiting nutrient is employed in determining the nutrient limitation. 
Next, parameter Ik is derived from Equation III-27.  Finally, the production vs. irradiance 
relationship is constructed using PBm (N,T) and Ik.  
 
 
(6)  Water surface irradiance 
Irradiance at the water surface is evaluated at each model time step. Instantaneous 
irradiance is computed by fitting a sine function to daily total irradiance: 
 
⎟⎠
⎞⎜⎝
⎛=
FD
DSSR πsin 
2
π 
FD
I
   I To                                                                                          (III-31) 
where: 
Io = irradiance at water surface (E m-2 d-1) 
IT = daily total irradiance (E m-1) 
FD = fractional daylength (0 < FD < 1) 
DSSR = time since sunrise (d) 
 
Io is evaluated only during the interval: 
2
FD1DSM 
2
FD-1 +≤≤                                                                                             (III-32) 
where: 
DSM = time since midnight (d) 
Outside the specified interval, Io is set to zero. 
Irradiance declines exponentially with depth below the surface. The diffuse attenuation 
coefficient, Ke, is computed as a function of background extinction and concentrations of 
chlorophyll-a and total suspended solids. 
 
(7)  The light attenuation model 
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The water quality model requires daily solar radiation intensity and fractional day length, 
in order to simulate the algal growth. The light attenuation model also requires input of 
the light attenuation coefficient. It is assumed that the light extinction coefficient consists 
of three parts: background extinction, the light extinction due to suspended solids, and 
light extinction due to algae: 
 
CHLTSS *a    *a   a   Ke 321 ++=                                                                              (III-33) 
where: 
a1 = background attenuation (m-1) 
a2 = attenuation by inorganic suspended solids (m2 g-1) 
a3 = attenuation by organic suspended solids (m2 g-1 CHL) 
TSS = total suspended solids concentration (g m-3) 
CHL = chlorophyll-a concentration (mg CHL m-3) 
 
The “background” attenuation term included attenuation from both water and dissolved 
organic matter. Individual parameters were determined from Park et al. (1995b).  The 
value for a1 used in the model is 0.735 m-1, a2 is 0.018 m2 g-1, and a3 is 0.06 m2 mg-1 CHL. 
 
 
(8) Basal metabolism 
Basal metabolism is commonly considered to be an exponentially increasing function of 
temperature: 
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) ( ]TR - [T KTBexp*BMR    BM xxxx =                                                                    (III-34) 
where: 
BMRx = metabolic rate at reference temperature TRx (day –1) 
KTBx = effect of temperature on metabolism (C°-1) 
TRx = reference temperature for metabolism (C°) 
 
(9) Predation 
The predation formulation is identical to basal metabolism. The difference in predation 
and basal metabolism lies in the distribution of the end products of these processes. 
 
PRx =BPRx exp (KTBx (T- TRx))                                                                              (III-35) 
where: 
BPRx = predation rate at TRx (day –1) 
KTBx = effect of temperature on predation (C°-1) 
TRx = reference temperature for predation (C°) 
 
 
(10) Settling velocity 
The algal settling rate employed in the model represents the total effect of all 
physiological and behavioral processes that result in the downward transport of 
phytoplankton. The settling rate employed, from 0.1 m d-1 to 0.2 m d-1, was used in the 
model to optimize the agreement between predicted and observed algae. 
 
 
(11) Effect of algae on phosphorus 
Model phosphorus state variables include total phosphate (dissolved, sorbed, and algal), 
dissolved organic phosphorus, labile particulate organic phosphorus, and refractory 
particulate organic phosphorus. The amount of phosphorus incorporated in algal biomass 
is quantified through a stoichiometric ratio. Thus, total phosphorus in the model is 
expressed: 
 
TotP = PO4d  +  PO4p + Apc*Bx + DOP + LPOP + RPOP                               (III-36) ∑
x
where: 
TotP = total phosphorus (g P m-3) 
PO4d = dissolved phosphate (g P m-3) 
PO4p = particulate inorganic phosphate (g P m-3) 
Apc = algal phosphorus-to-carbon ratio (g P g-1 C) 
DOP = dissolved organic phosphorus (g P m-3) 
LPOP = labile particulate organic phosphorus (g P m-3) 
RPOP = refractory particulate organic phosphorus (g P m-3) 
 
Algae take up dissolved phosphate during production and release dissolved phosphate 
and organic phosphorus through respiration. The fate of phosphorus released by 
respiration is determined by empirical distribution coefficients. The fate of algal 
phosphorus incorporated by zooplankton and lost through zooplankton mortality is 
determined by a second set of distribution parameters. 
 
 
(12) Effect of algae on nitrogen 
Model nitrogen state variables include ammonium, nitrate + nitrite, dissolved organic 
nitrogen, labile particulate organic nitrogen, and refractory particulate organic nitrogen. 
The amount of nitrogen incorporated in algal biomass is quantified through a 
stoichiometric ratio. Thus, total nitrogen in the model is expressed: 
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TotN = NH4 + NO3 + Anc*Bx + DON + LPON + RPON                               (III-37) ∑
x
where: 
TotN = total nitrogen (g N m-3) 
NH4 = ammonium (g N m-3) 
NO3 = nitrate + nitrite (g N m-3) 
Anc = algal nitrogen-to-carbon ratio (g N g-1 C) 
DON = dissolved organic nitrogen (g N m-3) 
LPON = labile particulate organic nitrogen (g N m-3) 
RPON = refractory particulate organic nitrogen (g N m-3) 
 
Algae take up ammonium and nitrate + nitrite during production and release ammonium 
and organic nitrogen through respiration. Nitrate + nitrite is internally reduced to 
ammonium before synthesis into biomass occurs (Parsons et al., 1984). Trace 
concentrations of ammonium inhibit nitrate reduction so that, in the presence of multiple 
nitrogenous nutrients, ammonium is utilized first. The “preference” of algae for 
ammonium is expressed by an empirical function (Thomann and Fitzpatrick, 1982): 
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where: 
PN = algal preference for ammonium uptake (0 < Pn < 1) 
KHn = half saturation concentration for algal nitrogen uptake (g N m-3) 
 
When nitrate + nitrite is absent, the preference for ammonium is unity. When ammonium 
is absent, the preference is zero. 
 
(13) Effect of algae on silica 
The model incorporates two siliceous state variables: dissolved silica and particulate 
biogenic silica. The amount of silica incorporated in algal biomass is quantified through a 
stoichiometric ratio. Thus, total silica in the model is expressed: 
 
TotSi = Dsil + Asc * Bx + PBS                                                                                 (III-39) 
where: 
TotSi = total silica (g Si m-3) 
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Dsil = dissolved silica (g Si m-3) 
Asc = algal silica-to-carbon ratio (g Si g-1 C) 
PBS = particulate biogenic silica (g Si m-3) 
 
As with the other nutrients, the fate of algal silica released by metabolism and predation 
is represented by distribution coefficients. 
 
III-4-4.  Benthic sediment process 
 
Additionally, a benthic sediment process model developed by DiToro and Fitzpatrick 
(1993) was incorporated and coupled with CE-QUAL-ICM for the present model 
application.  The model state variables, and resulting fluxes, include dissolved oxygen, 
ammonium, nitrate-nitrite, and phosphate and the parameters used in this sediment flux 
model are listed in Table A.2 of Appendix A.   
 
The sediments in this model are represented by two layers: the upper aerobic layer (Layer 
1) and the lower anoxic layer (Layer 2).  The sediment process model is coupled with the 
water column eutrophication model through depositional and sediment fluxes.  First, the 
sediment model is driven by net settling of particulate organic matter from the overlying 
water column to the sediments (depositional flux).  Then, the mineralization of particulate 
organic matter in the lower anoxic sediment layer produces soluble intermediates, which 
are quantified as diagenesis fluxes.  The intermediates react in the upper oxic and lower 
anoxic layers, and portions are returned to the overlying water column as sediment 
fluxes.  Computation of sediment fluxes requires mass-balance equations for ammonium, 
nitrate, phosphate, sulfide/methane, and available silica.  Mass-balance equations are 
solved for these variables for both the upper and lower layers.  Complete model 
documentation of the sediment flux model can be found in DiToro and Fitzpatrick 
(1993). 
CHAPTER IV. MODEL CALIBRATION 
The hydrodynamic and water quality models applied to the Mill Dam Creek – Dey Cove 
system were developed using the framework outlined in Chapter III.  The calibration is a 
process by which the performance parameters are constrained by comparing with the 
field measured observations. For example, the bottom friction parameters were adjusted 
during the calibration process.  A calibration assures that the model will produce results 
that meet or exceed some defined criteria with a specified degree of confidence. 
The hydrodynamic model was calibrated with observed surface elevations using VIMS 
survey data collected during the summer, autumn, and winter seasons of 2008.  The water 
quality model was calibrated using the 2008 VIMS survey data collected in the summer 
of 2008, during which period both the freshwater discharge and the non-point source 
loading data were provided by the HSPF watershed model developed for the Lynnhaven 
by URS Corporation.     
IV-1 Calibration of the Hydrodynamic Model 
 
The preliminary calibration for the hydrodynamic model used for Mill Dam Creek and 
Dey Cove system consisted of comparison of model predictions and high-frequency 
observed surface elevation data for a total of 14 deployments at 6 locations, with each 
deployment ranging from 2-4 weeks. 
 
IV-1-1 Boundary conditions 
 
For the application of the UnTRIM hydrodynamic model to the Mill Dam Creek – Dey 
Cove system, it was necessary to specify the downstream boundary condition where these 
tributaries enter into Broad Bay.  The downstream boundary conditions consisted of 
specifications of time series of surface elevation along the exterior row of grid cells at the 
northern extent of the model grid outside of the MDC-DC confluence, as shown in Figure 
IV.1.  These data were derived from adjustments to the amplitudes and phases of 
measured tide at the NOAA facility at the nearby Chesapeake Bay Bridge Tunnel 
(CBBT). 
 
IV-1-2 External loading 
 
There are no USGS gauges recording freshwater inflow to any of the Lynnhaven 
branches.  For this reason, as was the case for the primary VIMS hydrodynamic model 
developed for the entire Lynnhaven, the VIMS hydrodynamic model for the Mill Dam 
Creek – Dey Cove system was dependent upon the URS watershed model for its 
freshwater discharge inputs.  As discussed in Section III-3, the URS model included 
hourly freshwater discharge values along with its non-point source loadings at each of 17 
points of discharge spanning the Mill Dam Creek – Dey Cove system. 
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Specification of upstream boundary 
condition along row of grid cells at 
north end of model domain 
 
 
 
500 0 500 Meters
Dye
Cove
Upper Mill
Dam Creek
Lower Mill
Dam Creek
 
 
 
 
 
 
 
 
Broad 
Bay 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure IV.1. Locations of boundary condition specifications for Mill Dam Creek-Dey Cove model .
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IV-1-3 Calibration for tidal elevation 
 
The astronomical tide accounts for about 80% of the energy of water surface fluctuations 
in the MDC-DC system.  Therefore an accurate reproduction of the tidal wave 
propagation in the Lynnhaven River is of the utmost importance.  Furthermore, once the 
model is calibrated with respect to astronomical tide, a minimum of additional adjustment 
is required for calibrations of surface elevation and current velocity.  For the calibration 
for elevation in Mill Dam Creek and Dey Cove, VIMS compared model predictions to 
observed high-frequency surface elevations for 14 deployments at 6 locations ranging 
from 2 to 4 weeks in duration.  These deployments are listed in Table IV.1. 
 
Real-time comparisons of predicted vs. observed surface elevations for Mill Dam Creek 
and Dey Cove are shown in Figures IV.2-IV.5 (June 2008), IV.6-IV.9 (July 2008), IV.10-
IV.13 (August 2008), IV.14 (November 2008), and IV.15 (December 2008).  Overall, the 
model captured the semi-diurnal peaks and troughs and the phases of the observations 
quite well.  There was a slight under-prediction of the tidal range consistent with all the 
comparisons.  The only significant discrepancy occurred in upper MDC at Mill Dam 
Creek Road (Figure IV.15).  For this particular station, it should be noted that the gauge 
was adjacent to 4 large culvert pipes, which may have obstructed the normal flow and 
created this discrepancy. 
 
Table IV.1. Locations and dates of comparison for predicted vs. observed surface 
elevation in MDC-DC. 
 
Deployment Locale Survey Dates Location Map Results 
1 Broad Bay 
(MDC mouth) 
06/16-07/01/08 Figure II.1 Figure IV.2 
2 Lower MDC 06/16-07/01/08 Figure II.1 Figure IV.3 
3 Upper MDC 06/16-07/01/08 Figure II.1 Figure IV.4 
4 Dey Cove 06/16-07/01/08 Figure II.1 Figure IV.5 
5 Broad Bay 
(MDC mouth) 
07/16-08/01/08 Figure II.1 Figure IV.6 
6 Lower MDC 07/16-08/01/08 Figure II.1 Figure IV.7 
7 Upper MDC 07/16-08/01/08 Figure II.1 Figure IV.8 
8 Dey Cove 07/16-08/01/08 Figure II.1 Figure IV.9 
9 Broad Bay 
(MDC mouth) 
08/18-09/02/08 Figure II.1 Figure IV.10 
10 Lower MDC 08/18-09/02/08 Figure II.1 Figure IV.11 
11 Upper MDC 08/18-09/02/08 Figure II.1 Figure IV.12 
12 Dey Cove 08/18-09/02/08 Figure II.1 Figure IV.13 
13 Upper Dey 
Cove 
11/13-12/16/08 Figure II.50 Figure IV.14 
14 MDC at M.D. 
Road 
12/18/08-
01/28/09 
Figure II.50 Figure IV.15 
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 Figure IV.2. Predicted vs. observed surface elevation at Broad Bay (mouth of MDC), June 2008. 
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 Figure IV.3. Predicted vs. observed surface elevation in Lower Mill Dam Creek, June 2008.  
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Upper Mill Dam Creek
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 Figure IV.4. Predicted vs. observed surface elevation in Upper Mill Dam Creek, June 2008. 
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 Figure IV.5. Predicted vs. observed surface elevation in Dey Cove, June 2008.  
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 Figure IV.6. Predicted vs. observed surface elevation in Broad Bay (mouth of MDC), July 2008. 
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 Figure IV.7. Predicted vs. observed surface elevation in Lower Mill Dam Creek, July 2008.  
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 Upper Mill Dam Creek
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 Figure IV.8. Predicted vs. observed surface elevation in Upper Mill Dam Creek, July 2008. 
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 Figure IV.9. Predicted vs. observed surface elevation in Dey Cove, July 2008.  
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     Figure IV.10. Predicted vs. observed surface elevation in Broad Bay (mouth of MDC), August 2008. 
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 Figure IV.11. Predicted vs. observed surface elevation in Lower Mill Dam Creek, August 2008.  
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Upper Mill Dam Creek
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 Figure IV.12. Predicted vs. observed surface elevation in Upper Mill Dam Creek, August 2008. 
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 Figure IV.13. Predicted vs. observed surface elevation in Dey Cove, August 2008.  
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 Figure IV.14. Predicted vs. observed surface elevation in Upper Dey Cove, November 2008. 
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  Figure IV.15. Predicted vs. observed surface elevation in Upper MDC at Mill Dam Road, December 2008.  
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 IV-2 Calibration of Water Quality Model 
 
The overall objective of the model calibration is to compare the water quality model 
results to the observed data utilizing a set of model coefficients and parameters that are 
consistent with field measurements and are within the general ranges of values accepted 
by the modeling community as reported in the literature. 
 
The main steps involved in the calibration of the water quality model are: 1) the 
appropriate boundary condition has to be chosen, 2) the verified external nutrient loads 
have to be included, 3) the correct initial condition has to be specified, and 4) the suitable 
parameter values have to be estimated. 
 
 
IV-2-1 Boundary condition 
The water quality monitoring data from Station CB8.1E of the Chesapeake Bay Program 
(CBP) were used for the water quality open boundary condition (Figure IV.16).  The 
monthly water quality parameters at both the surface and bottom are available from 1984 
to present.  Table A.10 of Appendix A shows the parameters measured.     
 
The data from CBP Station 8.1E are available semi-monthly during the period from 
spring to fall and monthly during the winter at both the surface and bottom.  The middle 
layers were specified from the linear interpolation between the layers that were measured. 
The daily values were interpolated between the measured intervals, which were either 
semi-monthly or monthly.  The present water quality model is configured such that the 
freshwater discharge and nutrient loadings input are specified as lateral inputs.  The open 
boundary condition for the hydrodynamic model was forced by the averaged measured 
tide of the NOAA tidal station at the Chesapeake Bay Bridge Tunnel.     
 
 
IV-2-2 External loading 
There is no point source input into the Mill Dam Creek – Dey Cove system.  The non-
point nutrient loadings from the watershed discharged to MDC-DC were obtained from 
the watershed model developed by URS Corporation of Virginia Beach (see Chapter III, 
Section III-3).  Nonpoint source loads enter the water quality model through specification 
of the loading at model grid cells adjacent to the land.  The procedure involves mapping 
of the hydrodynamic model grid with watershed catchment areas adjacent to the receiving 
waters.  These nonpoint source inputs are specified at the surface of the model cell at the 
location of discharge. 
 
The external nutrient loads also include the atmospheric loads that are generated by the 
watershed model and are specified at each surface cell of the model.  The time increment 
for loading input from the watershed model is hourly and the set-up for water quality 
simulations was for the full calendar year of 2008. 
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      Figure IV.16.  Locations of CBP Stations CB8.1 and CB8.1E to the northeast and  
  northwest of Lynnhaven River model domain (from Li (2006)). 
 
 
IV-2-3 Initial condition 
 
For an initial simulation, an initial condition was specified as the long-term averaged data 
measured by DEQ, interpolated spatially.  Within the Mill Dam Creek – Dey Cove 
system, the initial conditions for all cells were specified using a 2-year average of water 
quality variables at the nearest DEQ station, 7-BBY002.88, just outside the Mill Dam 
Creek – Dey Cove confluence in Broad Bay.  Since only surface water data are available, 
the same value was specified for each layer vertically for those cells.  Upon attaining 
dynamic equilibrium, the values of all computed model cell output from prior model 
results were used to specify a suitable initial condition. 
 
IV-2-4 Estimation of parameters 
 
Most of the parameters in the CE-QUAL-ICM water quality model were adopted from 
the default parameters for the Chesapeake Bay (Cerco and Cole, 1994).  The parameters 
used in the water column of this study are listed in Appendix A, Tables A.3 to A.8. The 
modification of parameters depended on the comparison with measured data or unique 
features of the MDC-DC system.  The remaining parameters used in the sediment flux 
are listed in Table A.9. 
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 IV-2-5 Model Calibration Results 
 
Calibration of the water quality model of Mill Dam Creek – Dey Cove is shown by the 
comparison of time-averaged time series plots of chlorophyll-a and dissolved oxygen.  
These comparisons were made at the locations of high-frequency measurements shown 
earlier in Figure II.1. 
 
It should be noted that the CE-QUAL-ICM water quality model has limitations regarding 
the ability to model high-frequency water quality concentrations.  This is because many 
of the model adjustment parameters (shown in Appendix A) that are used by the model 
are based on daily averages. 
 
An important goal of the calibration in MDC-DC was to target the period of low oxygen 
that is prevalent in Chesapeake Bay small tributaries in mid-summer.  For this reason, the 
calibration focused on the July 2008 deployments.  Previous studies (Wang, 2005; Shen 
et al., 2008) have shown that hypoxic patterns can develop in shallow coastal estuaries in 
the Chesapeake Bay.  High-frequency measurements of chlorophyll-a and dissolved 
oxygen in Mill Dam Creek and Dye Cove reveal a “diurnal” hypoxia associated with 
large DO swings during fair weather and the development of hypoxia/anoxia for 
prolonged periods (e.g., 2 to 5 days) following rainfall events.  Inputs of nutrients to these 
small water bodies can even trigger harmful algal blooms, one of which was noted in Mill 
Dam Creek during the August 2008 surveys. 
 
Figures IV.17 through IV.20 show time series for the observed chlorophyll-a, the moving 
average (24-hour) of observed chlorophyll-a, and the moving average of model 
predictions for chlorophyll-a at all 4 high-frequency measurement stations.  For these 
figures, differences in the moving averages of modeled and observed chlorophyll-a 
values remained within a few μg/l.  Examination of Figures IV.17 through IV.20 reveals 
that the model catches the trend well throughout the deployments at Broad Bay (MDC 
mouth), Lower Mill Dam Creek, Upper Mill Dam Creek, and Dey Cove stations. 
 
Figures IV.21 through IV.24 show time series for the observed dissolved oxygen (DO), 
the moving average (24-hour) of observed DO, and the moving average of model 
predictions for DO at all 4 high-frequency measurement stations. For these figures, 
differences in the moving averages of modeled and observed DO values generally 
remained within 1-2 mg/l.  Examination of Figures IV.21 through IV.24 reveals that the 
model catches the overall trend well throughout the deployments at Broad Bay (MDC 
mouth), Lower Mill Dam Creek, Upper Mill Dam Creek, and Dey Cove. 
 
The significance of a rainfall event in these small tributaries is well-illustrated by the July 
2008 dataset and prediction-observation comparison.  On July 23, 2008 (Julian Day 205) 
a one-inch rainfall occurred.  With less solar radiation due to cloudy conditions, the 
chlorophyll levels dropped.  The moving average of observed chlorophyll-a drops slightly 
in Lower Mill Dam Creek (Figure IV.18) and Dey Cove (Figure IV.20), but more notably 
in Upper Mill Dam Creek (Figure IV.19). 
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The rainfall event is a critical time for oxygen levels, dominated by two factors:  1) the 
photosynthesis process has been suppressed without sufficient sunlight, depleting oxygen 
in the water column, and 2) the heterotrophic respiration and sediment oxygen demand 
(SOD) continue to consume the water column oxygen.  The decrease in oxygen due to the 
1-inch rainfall on Julian Day 205 has a much larger signature than does the chlorophyll-a 
decrease.  As can be seen in Figure IV.21, the moving average of observed DO shows a 
minimum at the Broad Bay (MDC mouth) station.  In Lower Mill Dam Creek (Figure 
IV.22) and Dey Cove (Figure IV.24), larger DO decreases (approximately from 6 mg/l to 
4 mg/l) can be observed.  However, in Upper Mill Dam Creek (Figure IV.23), the moving 
average of observed DO falls from 5 mg/l to 0 mg/l.  For dissolved oxygen, the model 
results simulate this event reasonably well.  
 
IV-2-6 Non-point source load reduction sensitivity 
With the modeling framework in place and the model having undergone calibration, one 
of the most advantageous elements of the modeling is the ability to simulate hypothetical 
conditions.  In the case of water quality, designs of Best Management Practices (BMPs) 
can thereby be assessed prior to any implementation. 
 
One immediate question that arises concerning Mill Dam Creek – Dey Cove is how much 
of the water quality problems results from the present non-point source loadings and how 
much are from legacy sediment problems.  
 
A sensitivity test was conducted whereby the nutrient loadings at the 17 watershed outlets 
provided by URS were reduced by 50%.  The resulting impacts on chlorophyll-a and 
dissolved oxygen levels of this nutrient load reduction were then examined. 
 
Figures IV.25 through IV.28 show the July chlorophyll-a time series of the present model 
prediction vs. the results of the sensitivity run reducing non-point source nutrient loading 
by 50%.  Over most of the system, chlorophyll-a levels are reduced by approximately 5 
μg/l.  However, at the Upper Mill Dam Creek Station (Figure IV.27), the decrease is 
more pronounced with chlorophyll-a levels being reduced from 30-40 μg/l to 10-20 μg/l. 
 
Figures IV.29 through IV.32 show the July 2008 dissolved oxygen comparisons between 
the present model prediction and the 50% loading reduction sensitivity run.  The DO 
values appear to be improved by approximately 1 mg/l at the Broad Bay (MDC mouth) 
Station (Figure IV.29) and at the Dey Cove Station (Figure IV.32).  At the Lower Mill 
Dam Creek Station (Figure IV.30), dissolved oxygen levels change only slightly.  
However, at the Upper Mill Dam Creek Station (Figure IV.31), the DO levels that had 
severely plunged to a moving average value of 0 mg/l during the rainfall event are now 
kept above approximately 2.5 mg/l during this critical period. 
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Figure IV.17. Predicted vs. observed moving averages of chlorophyll-a in Broad Bay (MDC mouth) for 
July 2008.  
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Figure IV.18. Predicted vs. observed moving averages of chlorophyll-a in Lower Mill Dam Creek for July 
2008.  
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Upper Mill Dam Creek Chlorophyll-a (July 2008)
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Figure IV.19. Predicted vs. observed moving averages of chlorophyll-a in Upper Mill Dam Creek for July 
2008.  
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Figure IV.20. Predicted vs. observed moving averages of chlorophyll-a in Dey Cove for July 2008.  
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Broad Bay (MDC mouth) Dissolved Oxygen (July 2008)
0
2
4
6
8
10
12
14
196 198 200 202 204 206 208 210 212 214
Julian Day (starting 07/16/08)
D
O
 (m
g/
l)
observed
modeled_moving_avg
observed_moving_avg
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV.21. Predicted vs. observed moving averages of dissolved oxygen in Broad Bay (MDC mouth) for 
July 2008.  
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Figure IV.22. Predicted vs. observed moving averages of dissolved oxygen in Lower Mill Dam Creek for 
July 2008.  
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Upper Mill Dam Creek Dissolved Oxygen (July 2008)
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Figure IV.23. Predicted vs. observed moving averages of dissolved oxygen in Upper Mill Dam Creek for 
July 2008.  
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Figure IV.24. Predicted vs. observed moving averages of dissolved oxygen in Dey Cove for July 2008.  
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Broad Bay (MDC mouth): Non-point source loading sensitivity
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Figure IV.25.  Sensitivity of chlorophyll-a to a 50% reduction of non-point source loading in Broad Bay 
(MDC mouth) for July 2008.  
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Figure IV.26. Sensitivity of chlorophyll-a to a 50% reduction of non-point source loading in Lower Mill 
Dam Creek for July 2008.  
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Upper Mill Dam Creek: Non-point source loading sensitivity 
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Figure IV.27. Sensitivity of chlorophyll-a to a 50% reduction of non-point source loading in Upper Mill 
Dam Creek for July 2008.  
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Figure IV.28. Sensitivity of chlorophyll-a to a 50% reduction of non-point source loading in Dey Cove for 
July 2008.  
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Broad Bay (MDC mouth): Non-point source loading sensitivity
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Figure IV.29. Sensitivity of dissolved oxygen to a 50% reduction of non-point source loading in Broad Bay 
(MDC mouth) for July 2008.  
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Figure IV.30. Sensitivity of dissolved oxygen to a 50% reduction of non-point source loading in Lower 
Mill Dam Creek for July 2008.  
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Upper Mill Dam Creek: Non-point source loading sensitivity 
0
1
2
3
4
5
6
7
8
9
10
196 198 200 202 204 206 208 210 212 214
Julian Date (starting 07/16/08)
DO
 (m
g/
l)
predicted
50% non-point source reduct ion
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV.31. Sensitivity of dissolved oxygen to a 50% reduction of non-point source loading in Upper Mill 
Dam Creek for July 2008.  
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Dey Cove: Non-point source loading sensitivity
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Figure IV.32. Sensitivity of dissolved oxygen to a 50% reduction of non-point source loading in Dey Cove 
for July 2008.  
CHAPTER V.  FECAL COLIFORM  MODELING 
The URS Corporation of Virginia Beach has used data from the Virginia Division of 
Shellfish Sanitation to construct plumes of fecal coliform concentrations outside the 
MDC-DC area.  The high fecal coliform values measured in the vicinity of Dey Cove and 
Mill Dam Creek in the summer of 2003- 2005 are shown in the spatial plots presented in 
Figures V.1, V.2, and V.3.  Although these are snapshots (of fecal coliform spatial 
distribution), they do indicate that the Mill Dam Creek could be a potential source of 
fecal coliform in Broad Bay, and in the Lynnhaven River system as a whole.    
V-1 Calibration of fecal coliform model  
 
The overall objective of the model calibration is to compare the model simulated fecal 
coliform plume to the observed data utilizing a set of model coefficients and parameters 
that are consistent with field measurements and are within the general ranges of values 
accepted by the modeling community as reported in the literature. 
 
The main steps involved in the calibration of the fecal coliform model are: the 
appropriate boundary condition has to be chosen, the external fecal coliform loads have 
to be included, the correct initial condition has to be specified, and the suitable parameter 
values have to be estimated. 
 
 
 
 
 
 
 
 
 
 
 
Figure V.1.  Plume of fecal coliform contours outside of MDC-DC on 03/16/2004 
(courtesy, URS Corporation). 
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Figure V.2.  Plume of fecal coliform contours outside of MDC-DC on 09/22/2005 
(courtesy, URS Corporation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure V.3.  Plume of fecal coliform contours outside of MDC-DC on 07/30/2003 
(courtesy, URS Corporation). 
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V-1-1 Boundary condition 
As was done for the water quality calibration, the fecal coliform monitoring data from 
stations at the outer boundary of Broad Bay collected by VA-DSS were used for the fecal 
open boundary condition. The monthly fecal coliform parameters at the following 
stations are used for the interpolation:  71-2C, 71-3, 71-3A, 71-4Z, 71-3Z, 71-4V, 71-4W, 
71-5Z, and 71-5.   Their values are then specified as boundary conditions.     
     
V-1-2 External loading 
There is no specific point source input into Mill Dam Creek and Dey Cove.  The non-
point fecal coliform loadings from the watershed were obtained from the watershed 
model developed by URS Corporation of Virginia Beach.  Nonpoint source loads enter 
the fecal coliform model through specification of total fecal coliform loading calculated 
through freshwater discharge and the concentration of fecal coliform at model grid cells 
adjacent to the land. The procedure involves mapping of the hydrodynamic model grid 
with 17 watershed catchment areas adjacent to the receiving waters.  Their ID numbers 
are:  I337, I338, I340, I341, I342, I345, I346, I347, I350, I354, I355, I356, I357, I358, 
I359, I360, and I370, respectively, as shown earlier in Figure III.4.   These nonpoint 
source inputs are specified at the surface of the model cell at the location of discharge.  
The time increment for loading input from the watershed model is hourly.    
 
V-1-3 Initial condition 
 
For an initial simulation, an initial condition was specified as the long-term averaged 
values measured by VA-DSS, interpolated spatially.  Within the Lynnhaven, the initial 
condition for each cell was specified through linear interpolation between two adjacent 
VA-DSS stations.  Since only surface water data are available, the same value was 
specified for each layer vertically for those cells. Upon attaining dynamic equilibrium, 
the values of all computed model cell output from prior model results were used to 
specify a suitable initial condition.  In our simulation, a value of 20 MPN/100 ml was 
used.  
 
V-1-4 Estimation of parameters 
 
The major parameters used for the fecal coliform model are the decay rate and the mixing 
parameter.  The survival of bacteria in natural waters depends on the particular type of 
water body and associated phenomena that influence the growth, death, and total loss of 
the organism.   In general, the factors that influence the decay rate include: sunlight, 
temperature, salinity, predation, nutrient, settling, resuspension and after-growth.   In the 
previous fecal coliform simulations in Lynnhaven River and the adjacent Back Bay, we 
have tested the various decay rates and found that 0.6 day -1 during the summer generates 
reasonable results.  This same value is used in the Mill Dam Creek and Dey Cove fecal 
coliform simulations.  The major mixing parameter is the eddy diffusivity, which is 
calculated by a two-equation turbulence closure scheme using the Mellor-Yamada 
formulation. 
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V-1-5 Model Calibration Results 
 
The field observation data suggested that high fecal coliform originating in the Mill Dam 
Creek and Dey Cove can advect into Broad Bay in the form of a tongue-like plume. As a 
result, the fecal coliform can spread from small tributaries into a larger water body such 
as Broad Bay.  In an effort to determine the plume dynamics from MDC-DC into Broad 
Bay, VIMS developed a model to simulate the observed fecal coliform plume dynamics 
and compare its characteristics with observed characteristics.     
 
In an initial assessment, it was recognized that the fecal coliform plume occurs when 
there is large freshwater discharge into the MDC-DC basin and its associated large fecal 
coliform concentration. The two factors are essential and mutually reinforce one another.  
During dry conditions, the plume is unlikely to occur because there is neither large 
freshwater discharge nor a fecal coliform source. Given this recognition, 12 dates of 
highest freshwater discharge from the MDC-DC system in 2008, based on the watershed 
discharge data provided by URS Corporation, were identified.  Discharge values for these 
12 dates are presented in Figure V.4.  Among the 12 events, those on 2/18-2/19, 4/22-
4/23, and 7/23-7/24 were the largest in 2008.  When the model was run continuously 
through the entire 2008 year with a time step of 180 sec, a river plume associated with 
high fecal coliform concentration manifested with reasonable orientation and size, as 
shown in Figures V.5 through V.16, on each of the 12 dates of highest discharge in 2008.  
It appears that the plume’s intensity and the extent of penetration into Broad Bay are 
directly proportional to the fecal coliform loading. For example, 4/22- 4/23 has the 
largest concentration into Broad Bay followed by 2/18-2/19 and 7/23-7/24. The 
magnitude of fecal coliform prediction, on the order of 250 –500 MPN/100ml, compared 
well qualitatively with observed spatial distribution.  The plume from Mill Dam Creek is 
more severe than that of Dey Cove and the area of coverage is also consistent with 
additional 2008 data provided by the City of Virginia Beach.  
 
This demonstrates that MDC and DC are hot spots that can contribute significant 
amounts of fecal coliform loading into the larger basin in Broad Bay.  From a restoration 
perspective, the water quality conditions in MDC and DC are the weak link in a chain – 
although these tributaries are small, they are vital to the overall well-being of the entire 
system and thus require special management attention.     
 
V-2 Fecal coliform load reduction sensitivity 
 
Using the current fecal coliform concentrations in MDC and DC as the base condition, a 
sensitivity run with a 50% reduction scenario (i.e., loadings reduced by 50%) was 
conducted. The results are shown in (a) – (f) in Figure V-17.  It can be seen immediately 
that the penetration extents of high fecal coliform concentration plume into Broad Bay 
were significantly reduced.  In some cases, the concentrations inside MDC and DC were 
also diminished. Additional reduction scenarios using other percentages can also readily 
be generated. This is a demonstration that, once the model is calibrated, multiple load 
reduction scenarios can be constructed for further analysis.      
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Figure V.4. Plot of the 12 highest daily discharge totals from the MDC-DC for 2008.
 
 
108
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure V.5. MDC-DC fecal coliform plume on 02/03/08   Figure V.6. MDC-DC fecal coliform plume on 02/14/08  
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Figure V.7. MDC-DC fecal coliform plume on 02/18/08   Figure V.8. MDC-DC fecal coliform plume on 02/19/08  
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Figure V.9. MDC-DC fecal coliform plume on 03/05/08   Figure V.10. MDC-DC fecal coliform plume on 04/21/08  
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Figure V.11. MDC-DC fecal coliform plume on 04/22/08   Figure V.12. MDC-DC fecal coliform plume on 04/23/08  
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Figure V.13. MDC-DC fecal coliform plume on 06/17/08   Figure V.14. MDC-DC fecal coliform plume on 07/23/08  
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Figure V.15. MDC-DC fecal coliform plume on 07/24/08   Figure V.16. MDC-DC fecal coliform plume on 07/28/08  
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Base Condition 50% reduction 
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Base Condition 50% reduction 
 
Figure V.17.  The base case (left panel) versus 50% reduction scenarios from (a) – (f)  
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CHAPTER VI. DISCUSSION AND CONCLUSIONS 
 
The Mill Dam Creek and Dey Cove (MDC-DC) are two small tributaries located along 
the southern shoreline of the Broad Bay Branch of the Lynnhaven River in Virginia 
Beach.  These tributaries have lengths of approximately 2.0 km and 0.8 km, respectively, 
and widths of approximately 0.2 km each at their widest points near their confluence 
where they enter Broad Bay. These tributaries form a shallow water region (SWR) that 
serves as a buffer zone between aquatic and terrestrial landscapes.  In its natural state, the 
SWR is a highly productive environment.  However, it has been shown that nonpoint 
sources of nutrient inputs, including groundwater and surface water runoff, that passes 
through a SWR often contribute significantly to the overall eutrophication problem. 
Human activities in watersheds have caused major changes in water quality, resulting in 
increased loading of nutrients, organic matter, and sediment to the SWR (Fleischer, 1987; 
Frink, 1991; Hopkinson and Vallino, 1995).  Industrial activities and agriculture generate 
a mixture of chemicals, including nutrients, some of which are inevitably discharged into 
aquatic ecosystems. As a result, the SWR, such as coastal lagoons and embayments, has 
received large inputs of nutrients from watershed due to anthropogenic activities for 
many years.  Nutrient loading usually arises from sources including: fertilizer runoff, 
groundwater, sewage discharges, and aquaculture (Balls, 1994).   
 
VIMS conducted field surveys in summer 2008 spanning Mill Dam Creek and Dey Cove.  
The focus of these surveys was to collect data for identifying the water quality problem 
and for numerical model calibration.  High-frequency water surface measurements were 
conducted to characterize the tidal characteristics of the system.  The measured water 
quality parameters include fecal coliform bacteria, nutrients, plant pigments (chl-a), 
dissolved oxygen, turbidity, algal fluorescence, pH, specific conductance, temperature, 
and salinity.  The assessment of this area is that the potential cause of the benthic 
impairment is due to high nutrient input and possibly low dissolved oxygen (DO). 
 
In the Upper Mill Dam Creek, the salinity is susceptible to sharp decreases resulting from 
rainfall events.  Some of these events do not necessarily need large amounts of rainfall in 
order to cause a large change in salinity.  For water temperature in summer, there is a 
general spatial gradient of temperature increase by approximately 5 oC moving upstream 
from Broad Bay (MDC mouth) to Upper Mill Dam Creek.  For dissolved oxygen (DO), 
we observed very large diurnal oscillations of DO concentration at all MDC-DC stations.  
Superimposed on the diurnal DO oscillation, there were anoxic/hypoxic events that lasted 
for 2-3 days during which time the DO oscillation disappears.  The timing of the low DO 
events was coincident with the sharp decreases in salinity and chlorophyll-a 
concentration.  For chlorophyll-a, we have found that the oxygen and the phytoplankton 
dynamics are closely coupled in this shallow ecosystem.  Due to this coupling, DO and 
chlorophyll-a co-oscillate on the daily time scale.  Reductions of DO levels, as well as the 
disappearance of the diurnal oscillation, can occur when the phytoplankton population 
suddenly plunges, due to flushing by the increased freshwater runoff and limited ambient 
light conditions, during rainy days in the summer.  The large amount of pollutants 
discharged into the creeks by surface runoff may contribute to an additional decrease in 
DO levels, and result in hypoxic/anoxic conditions. 
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VIMS has completed a successful development of an integrated numerical modeling 
framework for the MDC-DC system.  This framework combines a high-resolution 3D 
hydrodynamic model (UNTRIM) that provides the required transport for a water quality 
model (CE-QUAL-ICM) that, in turn, provides intra-tidal predictions of 23 water quality 
state variables.  The hydrodynamic model underwent a preliminary calibration with an 
extensive calibration for surface elevation and the water quality model was calibrated for 
dissolved oxygen and chlorophyll-a.  Additionally, fecal coliform was modeled 
throughout the Mill Dam Creek and Dey Cove tributaries and simulations were 
performed to investigate the reported plume of fecal coliform that extends from MDC-
DC system into Broad Bay during a total of 12 high discharge periods in 2008. 
 
The significance of a rainfall event in these small tributaries is well-illustrated by the July 
2008 dataset and prediction-observation comparison.  On July 23, 2008 (Julian Day 205) 
a one-inch rainfall occurred.  With less solar radiation due to cloudy conditions, the 
chlorophyll levels dropped.  The moving average of observed chlorophyll-a drops slightly 
in Lower Mill Dam Creek and Dey Cove, but more notably in Upper Mill Dam Creek.  A 
model sensitivity run was performed reducing non-point source nutrient loading by 50%.  
Over most of the system, chlorophyll-a levels are reduced by approximately 5 μg/l.  
However, at the Upper Mill Dam Creek Station, the decrease is more pronounced – 
chlorophyll-a levels are reduced from 30-40 μg/l to 10-20 μg/l.  Dissolved oxygen 
comparisons were made between the present model prediction and the 50% loading 
reduction sensitivity run.  The DO values appear to be improved by approximately 1 mg/l 
at the Broad Bay (MDC mouth) Station and at the Dey Cove Station.  At the Lower Mill 
Dam Creek Station, dissolved oxygen levels change only slightly.  However, at the Upper 
Mill Dam Creek Station, the DO levels that had severely plunged to a moving average 
value of 0 mg/l during the rainfall event are now kept above approximately 2.5 mg/l 
during this critical period. 
 
For the fecal coliform modeling, it was recognized that the fecal coliform plume occurs 
when there is large freshwater discharge into the MDC-DC basin and its associated high 
fecal coliform concentration. The two factors are essential and mutually reinforce one 
another.  When the model was run continuously through the entire 2008 year, a river 
plume associated with high fecal coliform concentration manifested itself with reasonable 
orientation and size on each of the major rainfall events.  The magnitude of fecal coliform 
prediction, on the order of 250 –500 MPN/100ml, compared well qualitatively with 
observed spatial distribution.   This demonstrates that MDC and DC are hot spots that can 
contribute significant amounts of fecal coliform loading into the larger basin in Broad 
Bay.  From a restoration perspective, the water quality condition in MDC and DC are the 
weak link in a chain – although they are small, they are vital to the overall well-being of 
the entire system and thus require special management attention.   Using the current fecal 
coliform concentrations in MDC and DC as the base condition, a model sensitivity run 
with a 50% reduction scenario was conducted.  The results show that that the penetration 
of high fecal coliform concentration plume into Broad Bay was significantly reduced. 
The model can be a powerful tool for assessing multiple load reductions. 
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Table A.1.  Model state variables in the eutrophication water quality model 
________________________________________________________________________ 
Parameter                symbol 
________________________________________________________________________ 
Temperature                                            T                                
Salinity          S 
Total Suspended Solids       TSS 
Cyanobacteria     Bc  
Diatoms      Bd 
Green Algae     Bg 
Refractory Particulate Organic Carbon       RPOC             
Labile Particulate Organic Carbon      LPOC 
Dissolved Organic Carbon      DOC           
Refractory Particulate Organic Nitrogen      RPON    
Labile Particulate Organic Nitrogen      LPON 
Dissolved Organic Nitrogen      DON  
Ammonium Nitrogen      NH4 
Nitrate+nitrite Nitrogen     NO3 
Refractory Particulate Organic Phosphorus        RPOP 
Labile Particulate Organic Phosphorus      LPOP 
Dissolved Organic Phosphorus      DOP   
Total Phosphate      PO4t 
Particulate Biogenic Silica     SU  
Available Silica      SA 
Chemical Oxygen Demand      COD 
Dissolved Oxygen      DO 
________________________________________________________________________ 
 
Table A.2.  Model state variables and fluxes in the benthic sediment flux model 
_______________________________________________________________________ 
Parameters        
_______________________________________________________________________ 
particulate organic carbon in Layer 2  (G1, G2 and G3 classes) 
particulate organic nitrogen in Layer 2 (G1, G2 and G3 classes) 
particulate organic phosphorus in Layer 2 (G1, G2 and G3 classes) 
particulate biogenic silica in Layer 2 
sulfide (salt water) or methane (fresh water) in Layers 1 and 2 
ammonium nitrogen in Layers 1 and 2  
nitrate nitrogen in Layers 1 and 2 
phosphate phosphorus in Layers 1 and 2  
available silica in Layers 1 and 2 
ammonium nitrogen flux  
nitrate nitrogen flux 
phosphate flux  
silica flux 
sediment oxygen demand  
release of chemical oxygen demand 
sediment temperature 
benthic microalgae 
______________________________________________________________________ 
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Table A.3. Parameters related to algae in the water column        
_________________________________________________________________________ 
parameter                 description  value            unit 
_________________________________________________________________________ 
PMc maximum growth rate of algae group 1 250 g C g-1 Chl d-1 
PMd maximum growth rate of algae group 2 300 g C g-1 Chl d-1 
PMg maximum growth rate of algae group 3 300 g C g-1 Chl d-1 
KHNx half-saturation constant of N uptake by algae  0.01 g N m-3 
KHPx half-saturation constant of P uptake by algae 0.001  g P m-3 
KHS half-saturation constant of Si uptake by diatoms 0.05 g Si m-3 
KHRx      half-saturation constant of DO for algal  
 excretion of DOC  0.5 g O2 m-3 
α c  initial slope of production vs. irradiance 
 relationship for algal group 1  8 g C g-1 Chl (E m-2)-1 
α d initial slope of production vs. irradiance 
 relationship for algal group 2  8 g C g-1 Chl (E m-2)-1 
α g initial slope of production vs. irradiance 
 relationship for algal group 3  8 g C g-1 Chl (E m-2)-1 
a1 background light attenuation coefficient 0.735 m-1 
a2 light attenuation coefficient due to  
 total suspended solid  0.018 m2 per g TSS 
a3  light attenuation coefficient due to algae 0.06 m2 per mg Chl 
CCHLx      C-to-CHL ratio in algae  60.0 g C per g Chl  
TMc  optimum T for algal group 1 growth 29.0 °C 
TMd  optimum T for algal group 2 growth 16.0 °C 
TMg  optimum T for algal group 3 growth 25.0 °C 
KTG1c  effect of T below optimum T on algal  
  Group 1 growth  0.006 °C-2 
KTG2c  effect of T above optimum T on algal  
  Group 1 growth  0.006 °C-2 
KTG1d  effect of T below optimum T on algal 
  Group 2 growth  0.004 °C-2  
KTG2d  effect of T above optimum T on algal 
  Group 2 growth  0.006 °C-2  
KTG1g  effect of T below optimum T on algal  
  Group 3 growth  0.012 °C-2 
KTG2g  effect of T above optimum T on algal  
  Group 3 growth  0.007 °C-2 
BMRc  basal metabolism rate of algae group 1 
  at reference T  0.02 day-1 
BMRd  basal metabolism rate of algae group 2  
  at reference T  0.04 day-1 
BMRg   basal metabolism rate of algae group 3 
  at reference T  0.02 day-1 
PRRc  predation rate of algae group 1 at reference T 0.02 day-1 
PRRd  predation rate of algae group 2 at reference T 0.15 day-1 
PRRg  predation rate of algae group 3 at reference T 0.25 day-1 
KTBx  effect of T on basal metabolism of algae 0.069 °C-1 
TRx  reference T for basal metabolism of algae 20.0 °C 
WSc  settling velocity for algal group 1   0.1 m day-1 
 
 
A-3
Table A.3 (cont’d) 
 
WSd  settling velocity for algal group 2  0.2 m day-1 
WSg  settling velocity for algal group 3  0.1  m day-1 
______________________________________________________________________ 
 
   
Table A.4.  Parameters related to organic carbon in the water column 
________________________________________________________________________ 
 
Parameters   description                        value  units 
_________________________________________________________________________ 
FCRP             fraction of predated algal C  
   produced as RPOC                            0.20          none 
FCLP    fraction of predated algal C  
  produced as LPOC    0.65          none 
FCDP                fraction of predated algal C  
 produced as DOC  0.15 none 
FCDx fraction of metabolized C by algae  
 produced as DOC  0.0 none 
KHRx half-saturation constant of DO for  
 algal excretion of DOC  0.5 g O2 m-3 
KHODOC half-saturation constant of DO for  
 oxic respiration of DOC  0.5 g O2 m-3 
KRC minimum respiration rate of RPOC 0.005 day-1 
KLC minimum respiration rate of LPOC 0.075 day-1 
KDC minimum respiration rate of DOC    0.020 day-1 
KRcalg constant relating respiration  
 of RPOC to algal biomass  0.0 day-1 per g C m-3 
KLcalg constant relating respiration  
 of LPOC to algal biomass  0.0 day-1 per g C m-3 
KDcalg constant relating respiration  
 of DOC to algal biomass  0.0  day-1 per g C m-3 
KTHDR effect of T on hydrolysis/ 
 mineralization of POM/DOM  0.069 °C-1 
KTMNL effect of T on hydrolysis/ 
 mineralization of POM/DOM  0.069 °C-1 
TRHDR reference T for hydrolysis of POM 20.0 °C 
TRMNL reference T for mineralization of DOM 20.0 °C 
KHNDNN half-saturation constant of NO23 for  
 denitrification  0.1 g N m-3 
AANOX ratio of denitrification to oxic DOC 
 respiration rate  0.5 none 
_________________________________________________________________________ 
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Table A.5.  Parameters related to nitrogen in the water column 
__________________________________________________________________________ 
 
Parameters         description                                                     value         units 
__________________________________________________________________________ 
FNRP  fraction of predated algal N produced as 
 RPON    0.15 none 
FNLP                fraction of predated algal N produced as  
 LPON   0.25 none 
FNDP fraction of predated algal N produced as  
 DON    0.20 none 
FNIP  fraction of predated algal N produced as 
  NH4               0.40 none 
FNR  fraction of metabolized algal N produced  
                          as RPON                0.05 none 
FNL   fraction of metabolized algal N produced  
                          as LPON              0.20 none 
FND   fraction of metabolized algal N produced  
  as DON                          0.20 none 
FNI        fraction of metabolized algal N produced  
 as NH4                        0.55 none 
ANCmin  minimum N-to-C ratio in algae                     0.135   g N per g C 
ANCmax  maximum N-to-C ratio in algae                     0.20   g N per g C 
ANDC  mass of NO23-N consumed per mass  
                          DOC oxidized                      0.933 g N per g C 
KRN minimum hydrolysis/mineralization rate  
                          of RPON                                  0.005         day-1 
KLN minimum hydrolysis/mineralization rate 
                          of LPON                               0.075 day-1 
KDN                   minimum hydrolysis/mineralization rate  
                          of DON                                0.015 day-1 
KRnalg                 constant relating hydrolysis/mineralization 
                          of RPON to algal biomass                             0.0 day-1 per g N m-3 
KLnalg                 constant relating hydrolysis/mineralization 
                          of LPON to algal biomass   0.0 day-1 per g N m-3  
KDnalg                 constant relating hydrolysis/mineralization 
 of DON to algal biomass   0.0 day-1 per g N m-3 
KHDONIT half-saturation constant of DO for  
 nitrification   1.0  g O2 m-3 
KHNNIT  half-saturation constant of NH4 for 
 nitrification   1.0  g N m-3 
NTM maximum nitrification at optimum T  0.007 day-1 
KTNT1 effect of T below optimum T on  
 nitrification rate   0.0045 °C-2 
KTNT1 effect of T above optimum T on  
 nitrification rate   0.0045 °C-2 
TMNT optimum T for nitrification rate  27.0 °C 
______________________________________________________________________ 
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Table A.6.  Parameters related to phosphorus in the water column 
________________________________________________________________________ 
Parameter           description                                    value                 units 
________________________________________________________________________ 
 
FPRP fraction of predated algal P produced 
 as RPOP  0.03 none 
FPLP fraction of predated algal P produced  
 as LPOP  0.07 none 
FPDP fraction of predated algal P produced 
 as DOP  0.40 none 
FPIP fraction of predated algal P produced 
 as DIP  0.50 none 
FPRx fraction of metabolized P by algae  
 produced as RPOP  0.0 none 
FPLx fraction of metabolized P by algae  
 produced as LPOP  0.0 none 
FPDx fraction of metabolized P by algae  
 produced DOP  0.25 none 
FPIx fraction of metabolized P by algae  
 produced DOP  0.75 none 
APCMIN minimum P-to-C ratio in algae   0.0125  g P per g C 
APCMAX  maximum P-to-C ratio in algae 0.0175 g P per g C 
PO4DMAX  maximum PO4d beyond which  
 APC = APCMAX                    0.01 g P m-3 
KRP         minimum hydrolysis/mineralization  
 rate of RPOP                                                0.005 day-1 
KLP       minimum hydrolysis/mineralization  
 rate of LPOP                                           0.075 day-1 
KDP       minimum hydrolysis/mineralization 
 rate of DOP                                          0.1 day-1 
KRpalg   constant relating hydrolysis/ 
 mineralization of RPOP to algal biomass  0.0 day-1 per g P m-3 
KLpalg    constant relating hydrolysis/ 
 mineralization of LPOP to algal biomass  0.0 day-1 per g P m-3 
KDpalg   constant relating hydrolysis/ 
 mineralization of DOP to algal biomass  0.0 day-1 per g P m-3 
_________________________________________________________________________ 
 
Table A.7.  Parameters related to silica in the water column 
_________________________________________________________________________ 
Parameter                        description                 value             units 
_________________________________________________________________________ 
FSA  fraction of predated diatom Si as SA         0.0             none 
ASCd  Si-to-C ratio in diatoms   0.5 g Si per g C 
KSU dissolution rate of SU at reference T 0.025 day-1 
KTSUA  effect of T on dissolution of SU 0.092 °C-1 
TRSUA  reference T for dissolution of SU 20.0 °C 
_________________________________________________________________________ 
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Table A.8.  Parameters related to chemical oxygen demand and dissolved oxygen in the water column 
________________________________________________________________________ 
Parameters       description                                        value                 units 
________________________________________________________________________ 
KHOCOD  half-saturation constant of DO for  
 oxidation of COD  1.5 g O2 m-3 
KCD  oxidation rate of COD at reference  
 temperature    20.0 day-1 
KTCOD  effect of T on oxidation of COD  0.041 °C-1 
TRCOD  reference T for oxidation of COD 20.0 °C 
KRDO  reaeration coefficient   2.4 m day-1 
AOCR  mass DO consumed per mass C 
 respired by algae  2.67 g O2 per g C 
AONT  mass DO consumed per mass 
 NH4-N nitrified            4.33 g O2 per g N 
 
 
Table A.9.  Parameters used in the sediment flux model 
_____________________________________________________________________ 
parameter  description        value          units 
_________________________________________________________ 
HSEDALL   depth of sediment  10 cm 
DIFFT   heat diffusion coefficient between water 
  column and sediment    0.0018  cm2 sec-1 
SALTSW  salinity  for dividing fresh and saltwater 
  for SOD kinetics (sulfide in saltwater or 
  methane in freshwater) and for PO4  
  sorption coefficients                     1.0 ppt 
SALTND salinity for dividing fresh or saltwater 
  for nitrification/denitrification rates  
  (larger values for freshwater)             1.0 ppt  
FRPPH1(1)    fraction of POP in algal group No. 1 
  routed into G1 class      0.65 none 
FRPPH1(2)    fraction of POP in algal group No. 1 
  routed into G2 class       0.255 none 
FRPPH1(3)    fraction of POP in algal group No. 1 
  routed into G3 class      0.095  none 
FRPPH2(1)    fraction of POP in algal group No. 2  
  routed into G1 class      0.65 none 
FRPPH2(2)    fraction of POP in algal group No. 2  
  routed into G2 class      0.255 none 
FRPPH2(3)    fraction of POP in algal group No. 2  
  routed into G3 class      0.095 none 
FRPPH3(1)    fraction of POP in algal group No. 3  
  routed into G1 class      0.65 none 
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Table A.9 (cont’d) 
 
FRPPH3(2)    fraction of POP in algal group No. 3  
  routed into G2 class      0.255 none 
FRPPH3(3)    fraction of POP in algal group No. 3  
  routed into G3 class      0.095 none 
FRNPH1(1)   fraction of PON in algal group No. 1 
  routed into G1 class          0.65 none 
FRNPH1(2)   fraction of PON in algal group No. 1 
  routed into G2 class          0.28 none 
FRNPH1(3)   fraction of PON in algal group No. 1 
  routed into G3 class          0.07 none 
FRNPH2(1)   fraction of PON in algal group No. 2  
  routed into G1 class          0.65 none 
FRNPH2(2)   fraction of PON in algal group No. 2  
  routed into G2 class          0.28 none            
FRNPH2(3)   fraction of PON in algal group No. 2  
  routed into G3 class          0.07 none 
FRNPH3(1) fraction of PON in algal group No. 3  
  routed into G1 class          0.65 none 
FRNPH3(2) fraction of PON in algal group No. 3  
  routed into G2 class          0.28 none 
FRNPH3(3) fraction of PON in algal group No. 3  
  routed into G3 class          0.07 none 
FRCPH1(1)   fraction of POC in algal group No. 1 
  routed into G1 class    0.65 none 
FRCPH1(2)   fraction of POC in algal group No. 1 
  routed into G2 class       0.255 none 
FRCPH1(3)   fraction of POC in algal group No. 1 
  routed into G3 class       0.095 none 
FRCPH2(1)   fraction of POC in algal group No. 2  
  routed into G1 class       0.65 none 
FRCPH2(2)   fraction of POC in algal group No. 2  
  routed into G2 class       0.255 none 
FRCPH2(3)   fraction of POC in algal group No. 2  
  routed into G3 class       0.095 none 
FRCPH3(1)   fraction of POC in algal group No. 3  
  routed into G1 class       0.65 none 
FRCPH3(2)   fraction of POC in algal group No. 3  
  routed into G2 class       0.255 none 
FRCPH3(3)   fraction of POC in algal group No. 3  
  routed into G3 class       0.095 none 
KPDIAG(1)  reaction (decay) rates for G1 class  
  POP at 20°C         0.035 day-1 
KPDIAG(2)  reaction (decay) rates for G2 class  
  POP at 20°C         0.0018 day-1 
KPDIAG(3)  reaction (decay) rates for G3 class  
  POP at 20°C         0.0 day-1 
DPTHTA(1)   constant for T adjustment for G1  
  class POP decay                            1.10 none 
DPTHTA(2)   constant for T adjustment for G2  
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Table A.9 (cont’d) 
 
  class POP decay                             1.15  none 
KNDIAG(1)  reaction (decay) rates for G1 class  
  PON at 20°C       0.035 day-1 
KNDIAG(2)  reaction (decay) rates for G2 class  
  PON at 20°C       0.0018 day-1 
KNDIAG(3)  reaction (decay) rates for G3 class  
  PON at 20°C       0.0 day-1 
DNTHTA(1)    constant for T adjustment for G1  
  class PON decay                          1.10 none 
DNTHTA(2)    constant for T adjustment for G2  
  class PON decay                          1.15 none 
KCDIAG(1)  reaction (decay) rates for G1 class 
  POC at 20°C        0.035 day-1 
KCDIAG(2)  reaction (decay) rates for G2 class 
  POC at 20°C        0.0018 day-1 
KCDIAG(3)  reaction (decay) rates for G3 class 
  POC at 20°C        0.0 day-1 
DCTHTA(1) constant for T adjustment for G1  
  class POC decay                      1.10 none 
DCTHTA(2) constant for T adjustment for G2  
  class POC decay                      1.15  none 
KSI   1st-order reaction (dissolution) rate  
  of PSi at 20°C                                   0.5 day-1 
THTASI    constant for T adjustment for PSi  
  dissolution                                        1.1 none 
M1  solid concentrations in Layer 1 0.5 kg L-1 
M2   solid concentrations in Layer 2  0.5 kg L-1 
THTADP   constant for T adjustment for  
  diffusion coefficient for particle 
  mixing       1.117 none 
THTADD   constant for T adjustment for  
  diffusion coefficient for dissolved phase               1.08 none 
KAPPNH4F   optimum reaction velocity for 
  nitrification in Layer 1 for  
  freshwater                                       0.20 m day-1 
KAPPNH4S  optimum reaction velocity for  
  nitrification in Layer 1 for saltwater  0.14 m day-1 
THTANH4    constant for T adjustment for  
  nitrification                                                1.08 none 
KMNH4        half-saturation constant of NH4  
  for nitrification                1500.0 mg N m-3 
KMNH4O2             half-saturation constant of DO  
  for nitrification  1.0 g O2 m-3 
PIENH4           partition coefficient for NH4 in 
  both layers  1.0 per kg L-1 
KAPPNO3F   reaction velocity for denitrification  
  in Layer 1 at 20°C for freshwater  0.3  m day-1 
KAPPNO3S   reaction velocity for denitrification 
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  in Layer 1 at 20°C for saltwater 0.125 m day-1 
K2NO3   reaction velocity for denitrification 
  in Layer 2 at 20°C               0.25 m day-1 
THTANO3    constant for T adjustment for  
  denitrification                                 1.08 none 
KAPPD1   reaction velocity for dissolved 
  H2S oxidation in Layer 1 at 20°C  0.2 m day-1 
KAPPP1  reaction velocity for particulate 
  H2S oxidation in Layer 1 at 20°C  0.4 m day-1 
PIE1S  partition coefficient for H2S in Layer 1 100.0 per kg L-1 
PIE2S             partition coefficient for H2S in Layer 2 100.0 per kg L-1 
THTAPD1   constant for T adjustment for both  
  dissolved & particulate H2S oxidation   1.08 none 
KMHSO2     constant to normalize H2S oxidation  
  rate for oxygen                                   4.0 g O2 m-3 
CSISAT  saturation concentration of Si in the 
  pore water                    40000.0 mg Si m-3 
DPIE1SI  incremental partition coefficient for 
  Si in Layer 1                       10.0 per kg L-1 
PIE2SI 2  partition coefficient for Si in Layer 2    100.0 per kg L-1 
O2CRITSI  critical DO concentration for Layer 1 
  incremental Si sorption    1.0 g O2 m-3 
KMPSI  half-saturation constant of PSi for Si 
  dissolution                   5 × 107 mg Si m-3 
JSIDETR  detrital flux of PSi to account for PSi  
  settling to the sediment that is not  
  associated with algal flux of PSi          100.0       mg Si m-2 day-1 
DPIE1PO4F*  incremental partition coefficient  
  for PO4 in Layer 1 for freshwater    3000.0 per kg L-1 
DPIE1PO4S*  incremental partition coefficient for 
  PO4 in Layer 1 for saltwater    300.0 per kg L-1 
PIE2PO4*  partition coefficient for PO4 in Layer 2       100.0 per kg L-1 
O2CRIT     critical DO concentration for Layer 1 
  incremental PO4 sorption      2.0 g O2 m-3 
KMO2DP  half-saturation constant of DO for  
  particle mixing                       4.0 g O2 m-3 
TEMPBEN  temperature at which benthic stress  
  accumulation is reset to zero     10.0 °C 
KBENSTR   1st-order decay rate for benthic stress        0.03 day-1 
KLBNTH                ratio of bio-irrigation to bioturbation        0.0            none 
DPMIN  minimum diffusion coefficient for  
  particle mixing                  3×10-6 m2 day-1 
KAPPCH4  reaction velocity for dissolved CH4  
  oxidation in Layer 1 at 20°C            0.2 m day-1 
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Table A.9 (con’t) 
 
THTACH4              constant for T adjustment for dissolved 
  CH4 oxidation                      1.08 none 
VSED  net burial (sedimentation) rate             0.25 cm yr-1 
VPMIX         diffusion coefficient for particle mixing  1.2×10-4 m2 day-1 
VDMIX        diffusion coefficient in pore water  0.001 m2 day-1 
WSCNET        net settling velocity for algal group 1  0.1 m day-1 
WSDNET        net settling velocity for algal group 2  0.3 m day-1 
WSGNET        net settling velocity for algal group 3  0.1 m day-1 
_________________________________________________________ 
 
 
Table A.10.  Water quality parameters in CBP monitoring data 
 
 
 
Parameters                                        symbol   units      
________________________________________________________________________ 
temperature                                 T                                       °C  
salinity     S     ppt             
dissolved oxygen DO   mg L-1  
chlorophyll-a CHL     μ g L-1 
total suspended solids TSS        mg L-1  
secchi depth    m  
particulate carbon PC             mg L-1  
dissolved organic carbon DOC       mg L-1 
particulate nitrogen PN           mg L-1  
total dissolved nitrogen TDN         mg L-1  
ammonium nitrogen NH4                mg L-1  
nitrate+nitrite nitrogen NO3                mg L-1  
particulate phosphorus PP          mg L-1  
total dissolved phosphorus TDP          mg L-1  
dissolved phosphate PO4d        mg L-1  
particulate inorganic phosphorus PIP           mg L-1  
particulate biogenic silica SU            mg L-1  
dissolved silica SA            mg L-1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX B 
 
 
 
 
 
Rainfall Data collected during MDC-DC Survey Periods 
June 16 – September 2, 2008 
 
 
Note:  Information was derived from the Weather station at Norfolk International 
Airport (COOP Station ID 446139). 
 
Note: shaded portions in table highlights deployment periods of the YSI 
instruments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B-1.  Daily rainfall (inches) measured during the MDC-DC surveys, summer 2008.    
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